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In  this  edition  many  misprints  have  been  corrected,  several 
sections  have  been  revised  and  improved,  and  some  additions 
made  on  the  subject  of  modern  measuring  instruments. 

In  answer  to  certain  criticisms  the  author  would  add,  firstly, 
that  the  book  is  not  intended  to  be  a  practical  companion  to  the 
laboratory,  but  rather  to  indicate  the  amount  of  theory  that  it  is 
advisable  to  master  before  entering  upon  technical  work  ;  secondly, 
that  it  is  assumed  that  the  student  can  see  and  examine  the 
instruments  referred  to,  the  descriptions  being  intended  merely  to 
enable  the  learner  to  understand  at  once  the  principle  of  each 
instrument  that  comes  under  his  notice. 

The  writer  wishes  to  acknowledge  his  obligations  to  Dr.  A.  H. 

Fison  for  help  most  kindly  given  with  respect  to  corrections  and 

additions  for  this  edition. 

W.  L. 

August  1888. 


PREFACE 


-to*- 


In  this  Course  the  writer  aims  at  giving  a  sound  though  elementary 
knowledge  of  the  modem  science  of  Electricity.  With  a  view  to 
rendering  the  book  suitable  for  use  in  public  schools,  it  has  been 
thought  better  to  assume  no  more  mathematical  knowledge  than  is 
usually  possessed  by  the  higher  boys  in  a  classical  school 

For  reasons  of  space,  no  attempt  has  been  made  to  treat  the 
history  of  the  subject  at  all  completely.  Names  and  dates  may  be 
occasionally  mentioned  ;  but  for  information  on  this  head  the 
reader  can  consult  works  in  which  the  historical  sequence  of  dis- 
covery has  been  carefully  traced. 

In  that  part  of  the  subject  in  which  an  elementary  knowledge 
of  Chemistry  is  demanded,  the  student  is  referred  to  the  elementary 
text  books  of  Roscoe  and  of  others,  in  which  he  can  easily  read  up 
to  the  desired  standard. 

But  with  respect  to  such  knowledge  of  systems  of  units  and  of 
mechanical  principles  as  is  essential  for  the  proper  understanding 
of  the  present  Course,  the  writer  conceives  that  the  case  is  different. 
Believing  it  to  be  far  from  easy  for  the  student  to  collect  from 
various  sources  just  the  kind  of  mechanical  knowledge  required 
iov  the  present  purpose,  the  writer  had  originally  included  in  the 
Course  all  the  mechanics  needed.  He  has,  however,  since  been 
obliged,  for  reasons  of  space,  to  curtail ;  and  for  the  most  part  to 
indicate  merely  the  exact  amount  of  knowledge  required. 
...  With  regard  to  diagrams^  it  may  be  remarked  that  there  have 
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to  be  considered  two  classes  of  drawings.  There  are  the  simple 
diagrams  illustrative  of  principles,  and  there  are  the  complete 
figures  representative  of  actual  pieces  of  apparatus.  After  some 
deliberation  the  writer  decided  to  draw  the  former  specially  for 
the  Course  ;  but  the  latter  have,  for  obvious  reasons,  been  freely 
borrowed  from  other  works,  wherever,  through  the  courtesy  of  the 
publishers,  this  was  permitted.  For  such  use  of  diagrams  the 
writer  is  chiefly  indebted  to  Messrs.  Longmans,  Green,  &  Co.; 
and  also  to  Messrs.  Elliott,  to  the  publishers  of  *  Nature,'  and  to 
others. 

At  the  end  of  the  book  will  be  found  questions  and  numerical 
examples ;  these  are  intended  both  to  serve  as  an  exercise,  and 
also  to  some  extent  to  supplement  the  teaching  of  the  text  Some 
few  of  the  numerical  exercises  have,  with  the  kind  permission  of 
the  publishers,  been  borrowed 

It  would  be  impossible  for  the  writer  to  acknowledge  in  detail 
all  that  is  owed  to  other  books,  papers,  and  lectures.  But  he 
would  here  express  his  thanks  to  Professor  Taitj  Professor  D.  E. 
Hughes,  and  Professor  Crookes,  for  most  kindly  answering  ques- 
tions and  giving  information  on  certain  points.  Also  to  Mr. 
Lupton,  of  Harrow,  for  kindly  giving  permission  to  use  some 
tables  given  in  his  *  Numerical  Tables.' 

But  especially  would  he  acknowledge  his  obligations  to  his 
friends  Professor  W.  H.  Heaton,  of  Nottingham,  who  most  kindly 
looked  over  the  MSS.  and  the  proofs  of  the  first  ten  chapters ; 
and  Professor  W.  N.  Stocker,  of  Cooper's  Hill,  who,  with  like  kind- 
ness, looked  over  the  MSS.  of  the  remaining  fifteen  chapters.  To 
both  of  these  the  writer  is  indebted  for  many  valuable  suggestions 
and  criticisms.  Also  to  his  friend  and  colleague,  Mr.  A.  S.  Davis, 
who  undertook  the  work  of  looking  over  the  proofs  of  the  last 
fifteen  chapters. 

Cheltenham  College  :  June  1887. 
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YII.  General. 

Clerk  Maxwell's  book.    [Sec  under  II.] 
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SOME  ABBREVIATIONS   USED, 


Magnetic  pole-strength  . 
Magnetic  moment 


•      A* 
nt  and  ilI 


Field-strength H  and  I 

Work  and  Energy W 


Electric  Quantity    . 
Electrostatic  Capacity 
Specific-inductive-capacity 
Electric  and  Magnetic  density 

Potential 

Difference  of  Potential 


Q 
K 
<r 

P 
V 

AV 


Gold-leaf  electroscope  .        g.l.e. 

Current-strength C 

Resistance R  and  f 

Equivalent-resistance R' 

Battery-resistance B 

Galvanometer-resistance     .        .        .     ,     G 

Shunt-resistance S 

Electromotive  Force  .        £.  M.F.,  E,  and  e 


'  Joule's  equivalent        ....      J 

[This  is  the  factcr  which  reduces  calories 
to  ergs ',  and  =  4*175  x  10',  or  43  x  lo* 
nearly.] 


AW^.  — In  cases  where  the  above  symbols  have  other  meanings,  the  context  will  obviate 
ambiguity.  Thus  F  may  sometimes  mean  velocity  i  H  may  mean  heat :  and  p  may  mean 
specijic  resistance. 
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CHAPTER  I. 

GENERAL  PHENOMENA  OF  MAGNETISM. 

§  I.  Introductory. — The  subjects  of  magnetism  and  electricity 
are  in  reality  not  two,  but  one ;  all  magnetic,  electro-magnetic, 
and  voltaic  phenomena — to  use  terms  with  which  most  of  our 
readers  will  have  some  acquaintance — belong  to  one  great  branch 
of  science  for  which  we  have  not  yet  one  comprehensive  name. 
Perhaps  it  might  be  more  logical  were  we  to  give  at  once  a  general 
survey  of  all  the  above-named  classes  of  phenomena  before  pro- 
ceeding to  a  more  detailed  discussion  of  each.  But,  as  in  this 
course  no  previous  knowledge  has  been  assumed,  it  has  been 
thought  better  to  avoid  any  chance  there  might  be  of  confusing 
the  mind  of  the  student  by  the  presentation  of  a  multitude  of 
strange  facts,  and  hence  we  shall  first  discuss  the  main  phenomena 
oi  magnetism.  A  study  of  these  will  serve  as  a  training  to  the 
beginner,  and  he  will  incidentally  become  acquainted  with  many 
facts  and  conceptions  that  will  prove  to  be  of  great  value  in  the 
study  of  the  other  branches  of  our  science. 

§  2.  First  Phenomena  observed. — Accustomed  as  most  of 
us  are  to  the  use  of  a  'magnet,'  there  is  still  something  very 
startHng  in  the  simple  elementary  experiment  with  a  *  magnet '  or 
a  piece  of  lodestone.  When  a  piece  of  lodestonie  (magnetic  oxide 
of  iron,  FesOi,  magnetised  by  the  influence  of  the  earth)  is  held 
above  a  piece  of  iron  or  steel  of  not  too  great  weight,  the  piece 
of  iron  or  steel  will  move  up  to  the  lodestone,  against  the  force 
due  to  gravity.  And,  more  remarkable  still,  the  lodestone  can 
convert  pieces  of  hard  steel  into  permanent  *  magnets,'  it  being 
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merely  necessary  to  make  a  convenient  bar  of  steel  and  to  stroke! 
it  repeatedly  from  end  to  end  with  the  lodestone,  taking  care  that' 
the  strokes  are  alike  in  all  respects.  We  shall  henceforth  employ 
such  steel  magnets  instead  of  lodestone. 

§  3.  Polarity. — If  we  examine  our  magnetised  bars  of  steel  wc 
shall  find  that,  though  the  lodestone  passed  along  every  portion  of 
them  equally,  the  ends  always  possess  far  greater  magnetic  powers 
than  do  the  middle  portions.  Further  than  this,  we  find  that  in 
each  magnet  these  two  ends  are  different.  If  we  magnetise  a  bar 
A  B,  and  another  A'  B',  in  such  a  way  that  A  and  A',  B  and  B' 
are  respectively  corresponding  ends  (and  we  can  do  this  by 
stroking  the  one  bar  from  A  to  B,  the  other  from  A'  to  B'  with 
the  same  portion  of  one  piece  of  lodestone),  then  we  find  that  A 
repels  A',  B  repels  B',  but  that  A  attracts  B'  and  A'  attracts  B. 
We  find  also  that  if  such  bars  be  suspended  they  will  take  up  a 
definite  position  with  respect  to  the  earth,  setting  themselves  in  a 
direction  called  magnetic  north  and  souths  the  similarly  treated 
ends  A  and  A',  B  and  B',  lying  in  similar  directions. 

We  may  say  that  the  ends  of  the  bar  have  acquired  remarkable 
properties,  these  properties  being,  in  a  sense,  of  opposite  natures 
at  the  two  ends  respectively.  It  is  usual  to  call  the  ends  where 
the  magnetic  properties  are  displayed  poles^  and  the  bar  is  said  to 
have  acquired  magnetic  polarity. 

We  may  here  point  out  a  possible  source  of  error.  We  have  seen 
that  like  poles  repel,  and  unlike  poles  attract,  one  another;  and 
further  that  all  needles  or  bars,  that  are  magnetised  and  suspended, 
turn  so  as  to  point  in  a  northerly  and  southerly  direction.  That  end 
of  the  bar  that  points  towards  the  geographical  north  pole  of  the  earth 
is  usually  called  a  north  pole^  or  north-seeking  pole ;  the  other  end  is 
c2i\\^A  2i  south  pole^  or  south- seeking  pole.  But  from  what  we  have 
seen  it  is  evident  that  the  north-seeking  pole  of  the  bar  must  be  of 
opposite  polarity  to  the  ^  north  pole^  of  the  earth  towards  which  it 
turns  J  and  so  with  the  south-seeking  pole  of  the  bar. 

It  is  better,  therefore,  to  speak  of  the  *  north  pole '  of  the  earthy 
but  the  'north -seeking'  pole  of  a  magnetised  bar. 

§  4.  Constitution  of  a  long  thin  Magnet. — Much  light  is 
thrown  upon  the  nature  of  this  Polarity  by  the  following  simple 
experiment : 

A  strongly  magnetised   knitting-needle   is  taken,  and    the 
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polarity  of  the  ends,  and  neutrality  of  the  middle,  tested  by  use 
of  filings  and  compass-needle. 

It  is  then  broken  in  half. 

We  now  find  each  half  a  complete  magnetic  needle ;  two 
opposite  poles  having  apparently  started  into  existence  in  the  pre- 
viously neutral  middle. 

Each  half  is  then  again  broken,  and  so  on. 

The  original  needle,  and  the  condition  when  it  is  broken,  are 
shown  in  the  accompanying  figure. 


It  would  seem  that  all  these  intermediate  poles  were  existing 
in  the  original  needle,  but  that  they  neutralised  each  other  as  far 
as  any  external  action  went 

As  far  as  experiment  goes  there  is  nothing  against  the  sup- 
position that  if  we  had  a  magnetic  bar  very  thin,  in  fact,  a  single 
row  of  molecules  of  steel,  we  might  continue  this  process  of 
breaking  up  until  we  should  find  each  molecule  a  complete  little 
magnet  with  poles  at  its  ends  (if  we  may  use  the  term  ends  with 
respect  to  a  molecule  which  may  be  spherical),  and  a  neutral 
region  at  the  middle. 

Experiments. — (i.)  Magnetising  a  bar  of  steel  with  lodestone,  we  find  that 
iron  filings  will  cluster  chiefly  at  the  ends. 

(ii. )  Take  a  series  of  unmagnetised  knitting-needles ;  testing  them  by 
seeing  that  either  end  acts  the  same  on  the  *  north '  end  of  an  ordinary  compass- 
needle. 

Lay  them  down  side  by  side,  and  magnetise  them  successively  with  a  piece 
of  lodestone  or  with  a  steel  magnet ;  marking  with  gummed  paper  the  ends 
that  must,  by  the  process  of  magnetisation,  be  similar. 

It  will  then  be  found  that  (a)  similar  poles  repel,  dissimilar  attract,  one 
another ;  {b)  the  suspended  needles  will  all  set  themselves  with  the  marked 
ends  turned  in  the  same  direction. 

§  5.  Molecular  theory  of  Magnetism. — The  above  experiment 

suggested,  very  early,  that  probably  magnetism  is  molecular.    The 

view  adopted  was  that  when  a  long  thin  needle  was  magnetised, 

its  molecular  constitution  was  somewhat  as  represented  in  the 

accompanying  figure,    ns  is  the  magnetic  needle,  supposed  to 
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consist  of  a  single  line  of  molecules.  Each  of  these  molecules  is 
a  small  magnet,  and  they  are  arranged  so  that  north-seeking  poles 
are  opposed  to  south-seeking  poles  all  along :  there  being  left  at 
the  one  end  a  north-seeking  pole,  and  at  the  other  end  a  south- 
seeking  pole,  uncompensated. 
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Fig.  i. 


It  is  assumed,  as  justified  by  such  experiments  as  that  alluded  to 
in  §  4,  that  the  south-seeking  pole  of  one  molecule  can  neutralise, 
as  far  as  external  manifestation  of  magnetic  properties  goes,  the 
opposed  north-seeking  pole  of  another  molecule,  while  the  north- 
seeking  and  south-seeking  poles  of  the  same  molecule,  though  very 
close  to  one  another,  do  not  so  neutralise  one  another. 

The  state  of  neutrality  was  formerly  considered  to  be  a 
'higgledy-piggledy'  arrangement,  or  rather  absence  of  arrange- 
ment, producing  on  the  whole  external  neutrality. 

Thus  the  end  of  a  magnetised  bar  would  present  to  external 
bodies  a  whole  set  of  molecular  north- seeking  or  south -seeking 
poles,  while  the  end  of  an  unmagnetised  bar  would  present  a 
mixed  surface  of  north-seeking  and  south-seeking  poles  whose 
total  external  action  would  be  nil. 

Professor  D.  E.  Hughes  has  taken  up  the  molecular  theory, 
and  has  reduced  it  to  order,  much  extending  it.  In  fact,  he  has 
done  so  much  that  the  chief  questions  left  unsolved  are  the  funda- 
mental ones  ;  *  What  is  the  polarity  of  a  molecule  ?  and.  Why  do 
similar  poles  repel  and  dissimilar  attract  one  another?'  The 
question  of  diamagnetism  also  needs  some  further  research. 

The  main  drift  of  Professor  Hughes's  theory,  each  portion  of 
which  he  has  supported  by  experiment,  is  somewhat  as  follows  : 

(i.)  Each  molecule  (possibly  each  atom)  of  every  substance 
possesses  to  a  fixed  and  unalterable  degree  a  property  called 
polarity.  The  poles  of  the  molecule  are  probably  fixed  in  that 
molecule,  and  can  be  made  to  lie  in  a  changed  direction  only  by 
rotation  of  the  molecule. 

(ii.)  The  opposite /^/(?5  of  consecutive  molecules  do,  when  the 
molecules  are  so  rotated  that  these  *  poles '  lie  one  over  against  the 
other,  neutralise  each  other  with  respect  to  external  action. 
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(iii.)  In  neutrality  there  is  always  some  symmetrical  arrange- 
ment by  which  the  molecules  neutralise  one  another  with  respect  to 
any  external  action  ;  either  by  the  molecules  being  paired  off  with 
opposite  poles  together,  or  by  a  whole  line  of  molecules  neutralis- 
ing each  other's  poles  in  one  long  chain,  or  by  some  equivalent 
arrangement. 

One  of  the  great  features  of  Hughes's  theorj'  is  the  symmetry 
of  arrangement  that  is  considered  to  exist  under  all  circumstances. 
The  accompanying  figures  indicate  two  possible  cases  of  neutrality. 

Since  the  molecule,  whatever  its  real  form,  is  practically  for  mag- 
netic purposes  a  short  line  with  poles  at  the  ends,  we  have  here  re- 
presented the  molecules  as  lines ;  indicating  thereby  their  magnetic, 
though  not  their  actual  shape. 
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(iv.)  When  the  bar  is  magnetised  to  the  greatest  possible 
degree,  the  arrangement  will  be  such  that  there  is  a  chain  of  mole- 
cules in  which  the  north-seeking  pole  of  the  molecule  at  the  one 
end  of  a  chain,  and  the  south-seeking  pole  of  the  molecule  at 
the  other  end  of  the  same  chain,  will  be  left  unneutralised ; 
while  between  these  there  is  complete  neutralisation.  And,  further, 
these  chains  must  be  arranged  side  by  side  so  that  the  free  north - 
seeking  poles  are  all  at  one  end  of  the  bar  and  the  free  south- 
seeking  poles  at  the  other. 

In  the  above  two  cases  this  might  be  effected  in  fig.  ii.  by  a 
rotation  of  the  molecules  so  as  to  form  one  line  as  in  fig.  i.,  while 
in  fig.  iii.  it  would  be  only  necessary  to  break  the  chain  at  any  point. 

Thus  there  is  a  limit  to  possible  strength  of  magnetism. 
The  utmost  that  can  be  done  is  to  arrange  the  molecules  in  the 
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most  advantageous  position.      The  strength  of  magnetism  will 
then  depend  on  the  ultimate  properties  of  the  molecules. 

(v.)  Usually,  or  perhaps  in  all  cases,  the  setting  of  the  mole- 
cules so  as  to  give  evident  magnetism  is  not  completed.  The 
molecules  are  partly  rotated  away  from  their  position  of  what  we 
may  call  *  short-circuiting '  or  neutralisation,  and  we  get  all  inter- 
mediate cases  between  perfect  neutrality  and  perfect  magnetisa- 
tion. A  piece  of  iron  when  magnetised  to  its  fullest  extent  is  said 
to  be  saturated, 

(vi.)  Arrangements  of  the  molecules,  in  which  they  do  not 
pair  off,  or  in  any  other  way  neutralise  one  another,  and  so  give 
zero  external  action,  are  unstable.  In  fact,  if  only  there  be  given 
free  movement  to  the  molecules,  so  that  they  can  act  on  each 
other  without  hindrance,  they  will  always  *  short-circuit '  with  one 
another  and  give  us  zero  external  magnetic  action. 

(vii.)  The  rearrangement  of  the  molecules  so  as  to  give  ex- 
ternal magnetism  is  resisted  both  by  their  action  on  each  other 
and  by  the  mechanical  difficulties  in  the  way  of  rotation  of  the 
molecules.  This  mechanical  rigidity^  that  opposes  the  *  magnetisa- 
tion* of  a  bar  and  also  opposes  the  molecular  tendency  to  a 
return  to  the  neutral,  short-circuited,  condition,  is  called  by  the 
inexact  name  of  coercive  force.  Any  action  (as  heating,  ham- 
mering, and  the  like)  that  gives  freer  play  to  the  molecules  will 
diminish  the  coercive  force  of  the  bar.  In  general,  therefore,  it  is 
useful  to  hammer  a  bar  while  it  is  being  magnetised,  but  bad  to 
do  so  when  it  is  no  longer  under  the  magnetising  influence. 

(viii.)  The  degree  of  molecular  rigidity  depends  upon  the 
chemical  nature  of  the  metal  and  upon  its  temper.  Thus,  some 
specimens  of  *  soft  iron  '  will  hardly  retain  any  trace  of  magnetism 
w^hen  the  magnetising  influence  has  been  removed,  while  some 
specimens  of  *hard  steel'  will  remain  unaltered  for  a  long 
time. 

(ix.)  Temporary  and  Residual  Magnetism, — In  general,  if  we 
magnetise  a  bar,  it  will  readily  lose  part  of  its  magnetism,  but  will 
retain  the  remainder  unaltered  for  a  long  time.  It  is  supposed  that 
the  molecules  can,  without  much  difficulty,  rotate  part  of  the  way 
back  to  their  original  positions  of  neutrality  ;  but  that  at  a  certain 
point  their  freedom  of  movement  is  limited  by  the  *  molecular 
rigidity  '  (or  coercive  force)  spoken  of  above. 
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It  is  found  that  when  iron  or  steel  is  raised  to  a  white  heat,  it 
is  not  attracted  by  a  magnet ;  in  fact,  it  ceases  to  be  magnetic. 
This  phenomenon  has  not  been  satisfactorily  explained  by  any 
theory  ;  and,  until  further  investigation  has  been  made,  we  cannot 
say  whether  it  makes  for  or  against  the  above  molecular  theory. 

Experiments  to  illustrate  molecular  theory,  — (i. )  We  can  magnetise  a  tube 
of  steel  filings,  and  then  render  it  neutral  by  shaking  it  up.  As  the  filings 
are  not  free  to  traverse  the  tube,  but  merely  turn  alx)ut  where  they  are,  this 
illustrates  the  case  of  neutrality  by  the  pairing  off  of  the  molecules. 

(ii.)  Magnetise  a  strip  of  watch-spring,  and  test  it. 

If  this  watch-spring  be  now  made  into  a  complete  circuit,  we  get  almost 
complete  external  neutrality  ;  while  the  evident  magnetism  is  again  restored 
when  we  break  the  circuit. 

(iii. )  A  poker  may  be  magnetised  by  l^eing  held  along  the  lines  of  the  earth's 
magnetism  {see  Chapter  III.  §  8)  and  in  that  position  hammered. 

(iv. )  The  magnetism  of  a  steel  knitting-needle  may  be  reversed  if  it  is  held 
with  south-seeking  end  downwards  along  the  lines  of  ealrth's  magnetism,  and 
in  that  position  kept  at  a  bright  red  heat  for  some  time  ;  being  then  allowed 
to  cool  in  the  same  position. 

(v. )  It  was  shown  by  Joule  that  a  bar  when  magnetised  increases  in  length. 
This  might  well  be  the  case  if  each  pair  of  molecules  {see  fig.  ii.  above)  does 
in  fact  rotate  from  a  parallel,  to  an  end-on,  position. 

(vi.)  A  tube  is  filled  with  water  in  which  is  suspended  magnetic  oxide  of 
iron  in  a  finely  divided  condition  ;  the  whole  being  nearly  opaque  to  light. 

If  the  tube  be  magnetised  in  the  direction  of  its  length,  it  is  found  that  it 
is  now  less  opaque  to  light  in  this  direction.  This  would  tend  to  show  that 
the  particles  of  the  magnetic  oxide  have  arranged  themselves  end-on  in  the 
direction  of  magnetisation. 

§  6.  Indnction,  General  Phenomena.— The  matter  of  induc- 
tion will  be  clearer  to  the  learner  when  he  has  learnt  something 
of  *  Fields  of  Force,'  in  Chapter  II. 

At  present  we  shall  only  describe  the  actual  facts  observed. 

When  a  piece  of  iron  is  placed  near  the  pole  of  a  magnet,  the 
end  of  the  iron  that  is  nearest  the  pole  acquires  a  polarity  oppo- 
site to  that  of  the  said  pole ;  while  the  end  of  the  iron  that  is 
furthest  away  acquires  a  polarity  similar  to  that  of  the  magnet- 
pole. 

This  action  of  a  magnet,  in  making  iron  near  it  also  magnetic, 
is  called  *  Induction-' 

It  is  more  powerful  as  the  *  inducing  '  magnet  is  more  power- 
ful, and  as  the  iron  is  nearer  to  the  magnet. 
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It  is  stronger  and  less  permanent  as  the  *  coercive  force  *  of  the 
iron  is  small  (or  the  molecular  freedom  great),  weaker  and  more 
permanent  as  the  *  coercive  force  '  is  greater. 

Experiments  in  Induction.  — (i. )   NS   is  a  powerful   magnet ;    and  «x, 
n's ,  n"s"j  &c.,  are  pieces  of  very  soft  iron  arranged  near  NS  as  shown.     The 

letters  of  the  accompanying  figure 
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indicate  the  observed  polarities  of 
the  pieces  of  soft  iron.  One  may 
test  these  polarities  either  by  means 
of  a  small  compass-needle  applied 
to  the  ends  of  the  iron  pieces,  or 
in  some  such  way  as  that  indicated 
in  the  next  experiment. 

(ii. )  The  writer  believes  that 
the  following  experiment  is  due 
to  Professor  Guthrie. 

NS  is  a  powerful  permanent 
magnet  and  ycr  is  a  bar  of  soft  iron 
hung  above  NS,  parallel  and  close 
to  it.  Then  v(r  will  be  acted  upon 
inductively,  and  will  temporarily 
become  a  magnet,  its  poles  being 
at  V  and  <t. 

If  a  north -seeking  pole  N'  be 
approached  to  the  end  v  which  lies 
above  the  south -seeking  pole  S,  it 
is  found  that  N'  repels  v.  Hence 
V  Is  north-seeking,  or  S  has  induced 
at  v  a  polarity  opposed  to  its  own. 

This  is,  in  fact,  indicated  by  the  simple  fact  that  vff  will,  if  displaced,  return 

to  the  position  represented  in  the  figure. 

We  may  say  generally  that  induction  takes  place  through  any 
solid,  liquid,  or  gas ;  it  making  no  perceptible  difference  what 
substance  is  interposed  between  the  magnet  and  the  iron,  unless 
we  are  making  very  delicate  observations  indeed. 

There  is,  however,  one  very  important  exception.  A  sheet  of 
perfectly  soft  iron,  or  iron  with  absolutely  zero  *  coercive  force,' 
would  act  as  a  perfect  screen  ;  and  no  induction  would  take  place 
on  a  piece  of  iron  or  steel  suspended  in  a  closed  vessel  made  of 
such  soft  iron.  To  a  greater  or  less  degree,  according  to  its  *  soft- 
ness,' all  iron  and  steel  will  act  as  a  screen. 

We  have  spoken  hitherto  of  iron  and  steel  only.     There  are. 


Fig. 


\u 


CH*  I* 


GENERAL  PHENOMENA  OF  MAGNETISM 


however,  other  bodies,  notably  cobalt^  nickel^  and  manganese^  which 
possess  to  a  certain  degree  magnetic  properties.  More  will  be 
said  of  these  in  Chapter  XX. ;  and  it  will  there  be  pointed  out  how 
feebly  magnetic  are  these  bodies  when  compared  with  iron  or 
steel. 

§  7.  XTse  of  Keepers. — When  a  bar  is  magnetised,  there  are 
at  the  one  end  a  set  of  molecules  with  their  north-seeking  poles 
*free/  and  at  the  other  end  a  corresponding  set  with  their  south- 
seeking  poles  *  free.'  This  condition  of  things  is,  as  we  have  said 
before,  unstable  ;  and  there  is  in  a  magnetised  bar  a  tendency  for 
the  molecules  to  pair  off  again  in  such  a  way  as  to  give  neutrality 
of  the  nature  indicated  in  §  5,  fig.  ii.  This  tendency  is  resisted  by 
molecular  rigidity,  or  coercive  force  ;  but  a  loss  of  magnetisation 
is  inevitable  if  the  bar  be  subjected  to  molecular  disturbance  of 
any  kind. 

But  if  we  can,  by  means  of  soft  iron  pieces  applied  to  the 
magnet,  make  the  molecular  circuit  complete,  we  shall  obtain  a 
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Stable  molecular  arrangement  similar  to  that  01  §  5,  fig.  iii.  The 
whole  system  will  give  but  little  signs  of  external  magnetism  until 
the  soft  iron  pieces  are  removed.  The  accompanying  figures  show 
how  a  horseshoe  magnet,  or  a  pair  of  bar  magnets,  may  be  pro- 
vided with  soft  iron  keepers. 

The  letters  indicate  the  polarities  temporarily  induced  in  these 
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keepers.     The  molecular  arrangements,  similar  to  that  of  §  5, 
fig.  iii.,  can  readily  be  imagined. 

§  8.  Methods  of  MagnetisatioiL — In  making  a  magnet  we 
must  have  several  points  in  view. 

(i.)  The  material  must  be  one  having  great  molecular  rigidity 
or  coercive  force;  so  that  the  rearrangement  of  molecules,  to 
which  is  due  the  external  or  evident  magnetism,  may  be  retained. 
Hence  we  use  hard  steel, 

(ii.)  During  the  process  of  magnetisation  the  molecules  should 
be  given  as  free  play  as  possible.  Hence,  hammering,  twisting, 
and  other  mechanical  aids  to  molecular  freedom  may  be  employed 
if  convenient.  It  is  found  that  repetitions  of  the  magnetising  pro- 
cess, even  when  each  action  first  undoes  the  work  of  the  preced- 
ing action  before  redoing  it,  give  better  final  results  than  a  single 
application  of  the  process. 

(iii.)  We  must  apply  as  powerful  a  magnetising  influence  as  we 
can.  The  more  powerful  the  *  field'  (see  Chapter  1 1.)  in  which 
we  place  our  bar,  the  more  will  the  molecules  be  rotated  from 
their  'short-circuited'  position  into  the  position  giving  most  power- 
ful external  magnetism. 

I.  Single  Touch. — Here  a  magnet  is  simply  drawn  from  end 
to  end  of  the  bar  in  the  position  shown  in  the  figure.  This  *  strok- 
ing '  process  is  repeated  many  times. 

Here  we  can  imagine  the  molecules  rotating,  as  the  inducing 
magnet  pole  moves  down  the  bar.      They  will  always,  e.g,^  turn 

their  south  poles  towards  a  north  inducing 
magnet  pole.  Hence  we  should  predict  that 
finally  the  end  last  touched  by  a  north  induc- 
ing pole  will  be  left  of  south  polarity,  while 
that  first  touched  will  be  left  of  north  polarity. 
Each  time  that  the  *  stroke'  is  repeated  it  is 
'MMm/Mm  clear  that  the  molecular  arramjement  due  to 


*  the  preceding  *  stroke'  will  be  undone,  or 
at  least  seriously  disturbed.  It  seems,  there- 
fore, at  first  sight  somewhat  strange  that  there  is  so  much 
gained  by  repetition.  Probably  the  explanation  is  that  this 
repetition  gives  greater  freedom  of  movement  to  the  molecules ; 
and  hence  the  final  stroke  has  greater  effect  than  had  the  first. 
II.  Double  Touch, — Here  two  magnets  are  used ;  they  are 
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placed,  N  pole  to  S  pole,  in  an  inclined  position,  as  shown. 
We  begin  the  stroke  in  the  middle  of  the  bar,  and  we  move 
the  magnets  up  to  one  end,  back  to  the  other  end,  and  then 
up  to  the  middle  again  ;  this  process  being  repeated  many  times. 
The  ends  of  the  bar  may  also  be  placed  on  the  opposite  poles 
of  two  magnets.     I'his  increases  the  effect. 


III.  Separate  Touch, — Or  again  the  two  inducing  magnets  may 
be  drawn  away  from  each  other  to  the  two  ends  respectively,  and 
brought  back  to  the  middle  by  being  lifted  in  a  wide  curve  through 
the  air ;  and  this  process  repeated. 

IV.  By  an  Electric  Current  — But  by  far  the  most  powerful 
method  is  magnetisation  by  means  of  an  electric  current.  Of  this 
we  shall  say  much  hereafter  in  Chapter  XX. 
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CHAPTER   II. 

MECHANICAL  AND   MAGNETIC   UNITS. 

§  I.  Introductory. — For  the  study  of  magnetism  and  elec- 
tricity it  is  necessary  that  the  student  should  have  a  knowledge  of 
the  principles  of  elementary  mechanics,  and  a  clear  understanding 
of  what  is  meant  by  a  system  of  units.  He  will  then  be  in  a 
position  to  understand  in  their  exact  sense  the  terms  employed 
in  the  discussion  of  magnetic  and  electrical  measurements.  For 
reasons  of  space  it  is  impossible  to  give  here  any  satisfactory 
account  of  the  mechanical  principles  involved  in  our  present 
subject.  We  shall  merely  indicate  briefly  the  nature  and  extent 
of  the  knowledge  required. 

§  2.  Fundamental  and  Derived  Units.— The  three  funda- 
mental units  to  which  all  other  mechanical  quantities  can  be 
ultimately  referred,  are  the  units  of  length-^  time^  and  mass.  We 
shall  in  what  follows  employ  the  centimetre  as  the  unit  of  length, 
the  second  as  the  unit  of  time,  and  the  gramme  as  the  unit  of 
mass.  The  system  of  units  built  up  upon  this  foundation  is  called 
the  *  centim^tre-gramme-second  system,'  or  more  usually  the 
*C.G.S.  system.' 

Examples  of  derived  units  will  occur  in  §§  3  and  4  and  later 
on.  Very  simple  cases  of  derived  units  are  the  square  centimetre 
as  the  unit  of  area^  and  the  cubic  centimetre  as  the  unit  of 
volume. 

The  exact  way  in  which  any  derived  unit  involves  the  funda- 
mental units  constitutes  what  is  called  the  dimensions  of  the 
quantity  measured  by  that  derived  unit.  For  the  purpose  of  ex- 
hibiting the  dimensions  of  any  derived  unit  it  is  convenient  to 
represent  the  three  fundamentals  by  the  symbols  [L],  [M],  and 
[T]  respectively.  Thus  the  C.G.S.  unit  of  volume  has  dimensions 
represented  by  [L]^. 
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§  3.  Velocity  and  Acceleration. — In  the  same  system  the  unit 
of  velocity  will  be  the  velocity  of  one  centinihtre  per  second.  If  we 
represent  this  unit  by  the  symbol  [V],  we  may  express  the  dimen- 
sions of  velocity  by  the  relation  [V]  =  LjJ. 

The  rate  at  which  velocity  changes  is  called  acceleration  ;  and  in 
our  system  unit  acceleration  will  be  the  adding  of  unit  velocity 
during  unit  time.  Hence  the  C.G.S.  unit  of  acceleration  is  one 
centimetre  per  second^  per  second. 

We  may  express  the  'dimensions'  of  acceleration  by  the 
relation — 


[A]  =  t^ 


[r]     [I] 


-[T]  = 


T 


§  4.  Force.— The  C.G.S.  unit  of  force  is  called  the  dyne.  It  is 
that  which  acting  on  unit  mass  for  unit  time  gives  to  it  unit 
velocity. 

Thus  we  may  express  symbolically  the  *  dimensions'  oi  force 
by  the  relation — 

IF] = [M]  X [A]  =  [MjlIXI = [M]  x[y 


T]  [T] 

The  student  will  have  learned,  in  his  study  of  mechanics,  to  dis- 
tinguish carefully  between  mass  and  weight.  In  virtue  of  gravitation, 
a  mass  of  one  gramme  is  urged  downwards  with  a  certain  force  ;  this 
force  being  called  the  weight  of  one  gramme.  Near  the  earth's  surface 
this  force  is  such  that  acting  for  one  second  it  will  give  to  the  gramme 
mass  a  velocity  of  about  981  centimetres  per  second.  Hence,  near 
the  earth's  surface,  the  weight  of  our  unit  mass  is  a  force  measured  by 
about  981  dynes.  A  gramtne  then  is  a  mass;  and  we  take  it  for  our 
unit  of  mass.  But  the  weight  of  a  gramme  is  ?l  force,  and  is  very  far 
indeed  from  being  unit  force  in  our  system. 

Note. — In  the  English  system  of  units  we  take  iht  foot,  second,  Sindpouna 
as  our  three  fundamental  units. 

The  unit  of  force  in  this  system  is  called  the  pounda/,  and  is  that  which 
acting  for  one  second  on  one  pound  mass  will  give  it  a  velocity  of  one  foot  per 
second. 

§  5.  Parallelogram  of  Forces,  &c We  shall  make  frequent  use 

of  the  principle  commonly  called  the  *  Parallelogram  ot  Forces,' 
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It  will  be  assumed  that  the  student  is  thoroughly  conversant 
with  the  formulae  for  the  composition  of  two  component  forces 
into  one  resultant,  and  for  the  converse  resolution  of  a  single 
force  into  two  components,  in  the  case  in  which  the  directions  of 
the  two  components  are  at  right  angles  to  one  another. 

The  case  of  *  oblique  resolution  '  will  not  occur. 

§  6.  Moments  and  Couples. — Let  us  suppose  that  we  have  a 
body  (such,  e.^,,  as  a  magnetic  needle)  capable  of  rotation  about 
an  axis.  If  one  or  more  forces  act  on  the  body  we  shall  in 
general  have,  as  a  result,  rotation  of  the  body  about  the  axis. 

In  our  present  subject  the  only  cases  usually  occurring  are 
very  simple ;  the  forces  acting  in  one  plane  which  is  perpendicular 
to  the  axis.     We  shall  have  to  consider  two  cases. 

(i.)  -^  sing/e  force  acting, — Let  a  single  force  of  F  dynes  act 
upon  the  body,  and  let  the  perpendicular  between  the  axis  and 
the  direction  of  the  force  be  p  centimetres.  Then  the  *  turning 
power '  or  moment  of  the  force  about  the  axis  is,  as  we  know, 
measured  by  F'xp,  This  is  the  moment  urging,  the  body  to 
rotate  about  the  axis ;  and  there  is  also  a  foi^ce  of  F  dynes 
tending  to  move  the  axis  bodily  in  the  direction  of  the  force. 

If,  for  example,  the  body  be  a  horizontal  bar,  suspended  from 
its  middle  point  by  a  thread,  and  we  push  one  end  of  the  bar,  we 
shall  find  that  the  bar  tends  to  rotate  and  also  to  move  bodily  in 
the  direction  of  our  push. 

(ii.)  A  couple  acting.  — ^ovt  consider  the  case  where  two  equal, 
parallel,  and  opposite  forces  act  upon  the  body,  each  force  being 
F  dynes^  and  the  distance  between  them  being  /  centimetres. 
The  moment  of  this  couple  is,  as  we  know,  measured  hy  F  x  p. 
In  this  case  we  have  simply  a  tendency  to  rotation,  and  no 
pressure  on  the  axis. 

When  the  product  F  x  p  v&  numerically  equal  to  unity — (F 
being  measured  in  dynes  and  p  in  centimetres) — then  we  have  what 
we  call  unit  moment  m.  the  C.G.S.  system. 

§  7.  Unit  Magnetic  Pole. — Returning  now  to  magnets  and 
magnetic  poles,  we  observe  that  similar  poles  of  various  pairs  of 
magnets  repel  one  another  with  forces  of  various  magnitudes. 
Thus  we  naturally  say  that  poles  may  be  of  different  strengths. 

We  should  then  endeavour  to  express  the  •  strengths '  of  mag- 
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netic  poles  in  terms  of  some  convenient  unit-pole ;  and  further 
we  should  choose  our  unit  strength  of  pole  such  as  to  give  the 
simplest  relation  to  force  of  repulsion  expressed  ifi  dynes^  and 
distance  apart  expressed  in  centimetres. 

We  have  seen  that  a  single  pole  never  occurs  alone.  But  in 
an  indefinitely  long  straight  thin  magnet,  perfectly  magnetised, 
we  have  the  poles  exactly  at  the  ends  and  indefinitely  far  apart ; 
or,  in  other  words,  we  can  easily  conceive  of,  and  approximately 
obtain,  a  pole  isolated  from  another  pole.  We  can  then  in  our 
definitions  speak  of  *a  pole.'  We  choose  to  call  the  north- 
seeking  pole  -I-,  and  the  south-seeking  pole  — . 

It  is  natural  to  define  unit-pole  as  that  which  at  a  distance  of 
I  an,  from  a  similar  pole  repels  it  with  a  force  of  i  dyne. 

So  a  pole  of  two  units  would  be  defined  as  that  which  at  a  dis- 
tance of  I  cm.  from  unit-pole  repelled  it  with  2  dynes  ;  or  at  a  dis- 
tance of  I  cm.  from  a  similar  pole  repelled  it  with  2x2=4  dynes. 

We  shall  designate  the  numerical  value  of  the  strength  of  a 
pole  by  /i. 

§  8.  Magnetic  Fields,  and  XTnit  Field. — Any  region  where  a 
pole  {e,g,  a  -f  unit-pole,  which  we  may  conveniently  employ  as  a 
test-pole)  would  be  urged  by  magnetic  force  is  called  a  magnetic 
field. 

In  so  far  as  such  force  is  due  to  any  particular  magnetic  body, 
we  speak  of  \hQ  field  due  to  that  body. 

The  direction  in  which  our  ■\-  unit-pole  at  any  point  is  urged 
is  called  the  line  of  force  at  that  point. 

If  a  -f  unit-pole  is  urged  with  i  dyne^  the  field  at  that  point 
is  defined  to  have  unit  strength. 

If  with  5  dynes^  then  the  field  has  a  strength  5. 

In  general  we  shall  designate  the  numerical  value  of  the 
strength  of  a  field  by  the  letters  H  or  I. 

Thus  a  pole  of  strength  /i  in  a  field  of  strength  H  is  urged  by 
a  force  of  /i  x  H  dynes  If  a  field  is  uniform  it  means  that  the 
strength  is  the  same  at  all  places  in  it,  the  lines  of  force  being 
moreover,  as  a  necessary  consequence,  parallel  to  one  another ; 
as  will  be  seen  in  Chapter  X.  §  13. 

§  9.  Magnetic  Moment  of  a  Needle.— Let  us  consider  a 
magnetic  needle  in  a  uniform  field  Since  the  poles,  n  and  j,  are 
equal  and  opposite,  and  since,  the  lines  of  force  are  m  a  uti\foTKv 
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field  parallel,  it  follows  that  the  forces  acting  on  the  poles  will 
be  equal  and  opposite ;  or  that  a  magnetic  needle  in  a  uniform  field 
is  acted  on  by  a  pure  couple. 

We  have' seen  that  each  force  will  be  /iH  dynes.     Hence  . 
if  the  needle  lie  at  right  angles  to  the  lines  of  force,  and  if  its 

length  be  /cm.,  the  couple 
7i  acting  on  the  needle  will 

IJZrillimV-l  t)e    measured    by    H/i/ 

units  of  couple. 

Xhe  part  ^  /  depends 

^^  ^Y^^  needle  alone ;  and 

IIIIIIIIIIII"   i^^to    whatever   field  we 

.s, introduce  the  needle,  so 

long  as  it  remains  mole- 
cttlarly  unaltered,  this  fi  I  remains  constant. 

We  give  to  this  quantity  /x  /  the  name  of  the  magnetic  moment 
of  the  needle.  We  call  it  ;;/.  When  ^/=i,  both  ^  and  /being 
measured  in  C.G.S.  units  as  given  in  §§  2  and  7,  then  the  needle 
is  said  to  be  of  unit  moment, 

A  needle  of  unit  moment  in  unit  field,  placed  perpendicu- 
larly to  the  lines  of  force,  will  be  acted  on  with  unit  couple. 

It  will  be  useful  for  the  student  to  prove  for  himself  that  when 
a  needle  of  pole-strength  /i,  and  length  /,  is  placed  in  a  field  H  so 
as  to  make  an  angle  ^  with  the  lines  of  force,  then  the  couple 
acting  on  the  needle  is 

H  jLi  /  sin  6,  or  H  m  sin  0. 

If  we  make  up  a  cube  of  needles  by  first  laying  similar  needles 
side  by  side  so  as  to  form  a  layer,  and  then  piling  layer  on  layer,  we 
can  see  that  the  following  statement  will  be  true ;  the  magnetic  moment 
of  a  uniformly  magnetised  bar  is  proportional  to  the  volwneofthe  bar. 

The  student  should  puzzle  this  out  by  the  'building  up'  method 
just  suggested, 

§  10.  Magnetic  Moment  of  Practical,  not  Ideal,  Magnets. — 

We  have  considered  our  magnet  as  consisting  of  two  poles  occu- 
pying points,  separated  by  a  distance  called  *the  length  of  the 
needle.'  But  the  actual  magnet  may  be  considered  to  consist  of 
an  indefinite  number  of  such  pairs  of  poles,  the  poles  of  each 
pair  being  of  equal  strength  and  of  opposite  sign  ;  thus  we  may 
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have  at  the  two  ends  the  poles  ^,  and  —  ;«i  corresponding  to  one 
another  and  separated  by  a  length  / , ;  then  fij  and  —  Ma  with  distance 
Li  between,  and  so  on.  The  poles  /x,  and  —  ^\  &c.  near  the  ends 
will  be  the  strongest ;  in  fact,  the  strength  of  the  pairs  of  poles 
ought,  in  a  good  magnet,  to  fall  off  very  rapidly  as  we  leave  the 
ends  and  approach  the  centre. 

So  we  have  the  moments  /ij/i,  ^3/2,  &c.  And  the  magnetic 
moment  of  the  whole  needle  will  be  the  sum  of  these,  or  will  be 

where  the  first  terms,  ;;/]  +  ;;/  2  +  &c.  are  the  largest. 

The  complexity  of  this  result  is  due  to  the  difference  between 
our  ideal  magnetisation  and  the  imperfect  manner  in  which  we 
must  needs  perform  it.  The  magnetisation  is  not  effected  uni- 
formly all  over  and  all  through  the  bar ;  and  hence  there  is  not 
the  complete  internal  neutralisation,  with  evident  magnetism  only 
at  the  ends,  which  would  result  from  uniform  magnetisation. 

To  sum  up  all  these  terms,  ;;/|  -f  m^  +  &c.,  about  each  of 
which  too  little  would  be  accurately  known,  were  impracticable. 

We  have,  however,  other  methods  of  finding  ;;/.  We  may  {e.g,) 
suspend  the  needle  in  a  uniform  field  of  known  strength  H,  and 
measure  by  mechanical  means  the  moment  (in  terms  of  unit 
couple  or  unit  moment)  required  to  keep  the  needle  perpen- 
dicular to  the  lines  of  force.     Let  this  moment  be  found  to  be  S. 

Then  we  have 

S  =  H  ;//  (see  §  9). 

whence    m=s  —., 

XI 

In  fact,  we  measure  the  magnetic  moment  ;;/  as  a  whole  by 
observing  the  action  of  a  known  field  upon  it. 

§  II.  Magnetic  Curves. — Consider  a  bar  magnet  NS,  and  a 
point  P  in  its  field,  and  suppose  a  +  unit  pole  to  be  placed  there. 

This  will  be  urged  from  N  in  the  line  N  P  ;  urged  to  S  (by  a 
weaker  force  if  it  be  nearer  to  N  than  to  S)  in  the  line  S  P. 

If  we  draw  the  parallelogram  of  forces  we  shall  get  a  resultant 
force  P  R  lying  (in  the  case  given  in  figure)  nearer  N  P  than  S  P 
in  direction. 

As  the  pole  P  moves,  the  component  and  resultant  forces 
change  continuousJj.    And  if  P  13  always  allowed  lo  foWo^  \3aJi 

c 
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direction  of  the  force  urging  it  then  it  w  II  trace  out  a  curve  of  | 
force,  called    n  the  subject  of  magnet  sm  a  nagnetic  turze 

The  curve  s  such  that  at  any  po  nl  n  C  the  tangent  g  ves  the 

direction  of  the  force  at  this  point    n  the  field.     Now  f  we  put 

^  nto  the  field    a    needle  50 

small  that  we  can  cons  der  its 

tvo  ends  to  be  practically  in 

the  same  part  of  the  field, 

then  the  needle  w  II  be  acted 

upon  by  a  couple,  and    t  will 

turn  un  1  it  1  es  n  a  straight 

1  ne  w  th  the  1  nes  of  force. 

^^^^^^^^^^^^^^^^^     In  no  other  pos  tion  but  this 

^^"^^^^^^^^^^^^^^^  "   could  there  be  equil  bnum  for 

the  needle 

Hence,  a   small  needle    v  11  al  vays  po  nt  out  the  d  rect  on  of 

the  lines  of  force  at  the  place  t  occup  es. 


Now  iron  fil  ngs  do   by    nduct  on   become  small  magnetic 
needles  when  thev  are  placed  in  a  magnet  c  field      Hence  if  we 
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place  a  magnet  under  a  sheet  of  glass  and  scatter  over  the  glass 
iron  filings,  tapping  the  glass  to  allow  of  arrangement,  we  shall 
find  traced  out  for  us  many  of  these  lines  of  force  that  lie  in  the 
plane  of  the  glass. 

The  accompanying  figures  show  us  the  general  aspect  of  the 
curves  thus  obtained. 

In  fig.  ii.  we  have  respectively  the  cases  of  a  bar-magnet ;  a 
horseshoe-magnet ;  two  tiar-magnets  with  unlike  poles  opposed  ; 
and  the  same  with  similar  poles  opposed. 

§  12.  Haf^tio  Induction  taktt  place  aloi^;  the  Linea  of 
force. — It  is  along  these  lines  of  force  that  we  must  consider  our 
molecules,  regarded  as  small  magnetic  needles,  urged  to  direct 
themselves. 

Hence,  if  these  molecules  were  perfectly  free  to  move,  any 
mass  of  iron  would  by  the  rearrangement  of  its  molecules  become 
magnetised  along  the  lines  of  force  of  the  inducing  field. 

But  as  the  molecules  are  subject  internally  to  mechanical  con- 
straint as  well  as  to  each  other's  action,  the  resulting  magnetisation 
is  determined  by  the  combined  influences,  internal  and  external 

If  the  bar  or  needle  lies  so  that  its  greatest  length  is  along  the 
lines  of  force,  and  if  the  form  of  the  bar  is  symmetrical  about  this 


axis,  then  the  magnetisation  should  be — whether  weak  or  strong — 
along  the  lines  of  force. 

But  if  the  bar  be  unsymmetrically  situated  with  respect  to  the 
lines  of  force,  the  resulting  magnetisation  may  be  quite  unsym- 
metrical  and  be  obligue  to  the  lines  of  force. 


V::) 
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CHAPTER   III. 


MEASUREMENTS.      THE  EARTHS   MAGNETISM. 

§  I.  Conlomb'a  Torrion  Balance.— In  considering  the  subject 
of  magnetic  measurements   we  shall  first  describe  the*  torsm 
balance.     This  instrument  deserves  notice  as  the  earliest  by  which 
exact  magnetic  and  electrostatic  measurements  were  obtained,  and 
some  study  of  it  will  be  in- 
structive.   In  practice  it  has, 
however,   been  now   super- 
seded by  other  instruments. 

The  figure  represents  one  1 
form  of  the  instrument  A  ' 
rectangular  or  cylindrical 
glass  case  is  provided,  either 
with  a  graduated  scale  round 
the  sides,  as  here  shown,  or, 
what  is  better,  with  a  plane 
mirror  at  the  bottom,  on 
which  is  marked  a  circle 
graduated  in  degrees. 

In  what  follows  we  shall 
assume  that  the  latter  method 
of  graduation  has  been 
adopted,  and  that  the  centre 
of  this  graduated  circle  is  called  0.  Above  the  mirror  is  sus- 
pended (when  the  instrument  is  used  in  magnetism)  a  magnetic 
needle  ah,  in  such  a  way  that  its  axis  of  suspension  is  immediately 
above  the  centre  O  of  the  graduated  circle. 

By  looking  down  from  above  we  can  tell  over  what  degree  the 
needle  is  lying.  By  moving  the  eye  until  the  needle  and  its  ima^e 
coincide,  we  avoid  errors  due  to  the  fact  that  the  apparent  position 
cf  the  needle  over  the  scale  varies  accordinij  to  our  point  of  view. 
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The  needle  is  suspended  by  a  fine  wire  or  thread  of  glass,  so 
hung  that  its  prolongation  would  pass  through  O,  the  centre  of  the 
graduated  circle. 

This  thread  is  fixed  at  its  upper  end  to  a  brass  piece  e  d  (called 
a  torsion  head)  that  caps  the  glass  tube  shown.  This  piece  is  so 
constructed  that  the  thread  can  be  twisted  without  being  displaced 
laterally,  and  the  angle  of  twist  can  be  measured. 

A  sight  of  the  instrument  will  make  clear  how  this  is  contrived. 

Now  to  twist  a  wire  or  thread  of  glass  without  displacing  it 
laterally  requires  a  simple  couple. 

It  can  be  proved  experimentally  that  as  long  as  the  thread  or 
wire  is  not  permanently  altered  by  a  twist,  the  couple  required 
to  twist  it  is  directly  proportional  to  the  angle  of  twist. 

Or  if  we  twist  the  wire  through  io°,  20°,  30°,  170°,  &c.,  we  are 
exerting  couples  proportional  to  10,  20,  30,  170,  &:c.  We  cannot 
Pleasure  the  couples  in  absolute  C.G.S.  units  unless  we  know  more 
about  the  length,  radius,  and  material  of  the  thread.  But  we  can, 
without  this  knowledge,  compare  couples.  If  the  top  of  the  wire 
be  twisted  through  w°  one  way,  and  the  bottom  through  a°  the 
other  way,  then  the  total  angle  of  twist  will  be  0^  +  a°. 

§  2.  TTse  of  Torsion  Balance  '  at  constant  angle.* — We  can 
use  the  torsion  balance  to  compare  the  strength  of  magnetic 
fields  and  of  magnetic  poles ;  or 
even  to  measure  them  in  C.G.S.  units 
if  we  are  acquainted  with  the  *  con- 
stants '  of  the  instrument  we  are 
using. 

In  the  accompanying  diagram  *'^\ 
we  are  supposed  to  be  looking  down 
upon  the  whole  instrument  The 
small  circle  represents  the  graduated 
'  circle  of  the  torsion  head ;  and,  in 
the  case  given,  the  torsion  wire  has 
been  twisted  either  through  an  angle  a°,  or  through  (n  x  360® 
-H  a°),  where  n  is  some  whole  number. 

The  large  circle  is  the  graduated  circle  on  the  mirror ;  and, 
in  the  case  given,  the  needle  has  been  deflected  through  an  angle 
\j  from  zero. 

The  opposite  directions  of  twist  of  the  needle  and  of  the 
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torsion  head  respectively,  that  must  exist  where  we  are  dealing 
with  repulsions,  are  indicated  by  the  opposite  directions  of  gradua- 
tion. In  this  figure  the  needle  n  s  answers  to  the  needle  abol 
§  I.  Supposing  now  that  we  wish  to  compare  the  strength  of  two 
magnetic  poles. 

We  start  with  needle  and  torsion  index  both  at  o°.  There  is 
a  hole  in  the  glass  top  to  the  instrument  in  such  a  position  that 
we  can  lower  the  one  or  the  other  pole  of  the  magnets  we  are 
comparing  into  the  place  occupied  by  the  pole  of  the  needle  n  s 
when  this  lies  over  o°.  The  needle  is  swung  to  one  side,  and  the 
first  pole,  which  we  will  call  /i],  lowered.  As  we  always  take  care 
to  lower  a  pole  similar  to  that  pole  of  the  needle  whose  place  at 
o°  it  takes,  we  have  the  needle  deflected  until  the  moment  of 
the  force  of  repulsion  about  the  axis  of  suspension  of  the  needle 
just  balances  the  moment  of  the  couple  due  to  the  twisting  of  the 
wire. 

As  a  rule  we  shall  find  it  advisable  to  turn  the  torsion  head, 
and  so  to  twist  the  wire,  until  the  needle  is  forced  back  to  some 
angle  h°  of  deflexion  from  zero,  this  angle  being  much  less  than 
the  original  angle  of  deflexion.  One  reason  for  this  is  that  if  we 
cause  «  to  be  small,  we  may  neglect  the  restoring  couple  due  to  the 
earth's  field. 

Let  us  suppose  that  the  torsion  head  has  been  turned  through 
(«i  X  360  +  ai)^  Then  the  total  twist  on  the  wire  will  be 
(«i  X  360  -h  tti  -h  0)°  ;  and  the  couple  that  it  exerts  will  be  mea- 
sured by  >^  («i  X  360  -h  Hi  +  «),  where  k  is  some  constant  that 
depends  upon  the  nature  and  dimensions  of  the  wire. 

Now  this  couple  is  balanced  by  the  moment  about  O  due  to 
the  action  of  the  pole  U]  upon  the  needle  ns  ;  and  this  moment 
will  be  measured  by  the  product  /i]  ^  In  this  product /ii  represents 
the  pole  strength  of  the  first  magnet ;  while  A  is  some  quantity 
depending  upon  the  magnetic  moment  of  the  needle  n  s  and  upon 
the  angle  0  of  deflexion,  and  so  will  be  constant  while  6  is  con- 
stant and  while  n  s  remains  unaltered. 

Since  the  two  are  in  equilibrium,  we  have 

fi^  A  =  k  (hi  X  360  +  ai  -f  0) 
or     f«i=  T («i  X  360  +  ai  -f  0). 
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Repeating  the  process  with  the  second  magnet  pole  /i.^,  and 
turning  the  torsion  head  through  such  a  number  of  degrees  that  0 
remains  constant,  we  have 

k 

Finally,  by  division  we  obtain  the  result  that 

tl  =  ^1  X  360  +  «!  +  ^. 
/ij      «2  X  360  -h  a2  +  i^ 

Notes, — (i.)  The  reader  should  notice  that  we  here  compare  primarily  the 
two  moments  acting  upon  the  needle  n  s  in  the  two  cases  respectively. 

But  if  the  magnetic  moment  of  «  j,  and  also  the  angle  d,  remain  unaltered, 
it  follows  that  we  are  really  comparing  the  two  field -strengths  due  to  the  poles 
Ml  *and  jUj  respectively. 

And  finally,  since  these  field -strengths  must  be  proportional  to  the  pole- 
strengths  Ml  and  /U2  respectively  when  the  conditions  of  distance  and  situation 
remain  constant,  it  follows  that  we  are  comparing  Mi  and  /i.^,  as  was  desired. 

(ii. )  We  assume  that  the  magnetic  moment  of  the  needle  /ij  is  constant. 
As  pointed  out  at  the  end  of  §  3,  this  is  not  true  absolutely  ;  and  under  certain 
conditions  the  error,  due  to  the  alteration  in  this  magnetic  moment,  may  be 
great. 

This  method  may  also  be  employed  to  observe  the  distribution 
of  evident  magnetism  along  a  bar-magnet ;  since  we  may,  without 
otherwise  altering  the  process,  lower  the  bar-magnet  so  that  the 
different  portions  of  it  may  be  successively  opposite  to  the  pole  n 
of  the  needle. 

It  will  be  found  that  the  evident  magnetism  is  distributed 
along  a  good  bar-magnet  somewhat  as  here  represented  by  the 


A      a 


Fig.  ii. 


diagram.     In  this  the  height  of  any  ordinate  such  as  a  a'  repre- 
sents the  strength  of  polarity  at  the  point  a  in  the  magnet. 
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If  we  find  the  centres  of  gravity  of  the  two  areas  included  between 
the  axis  of  the  bar-magnet,  the  ordinates  at  its  two  ends,  and  the 
curve  ;  and  if  through  these  centres  of  gravity  we  draw  lines  perpen- 
dicular to  the  axis  of  the  magnet,  meeting  it  at  P  and  P',  these  points 
P  and  P'  may  be  called  the  principal  poles  of  the  bar.     If  we  consider 
any  external  point  that  is  so  remote  from  the  bar  that  straight  lines 
drawn  from  it  to  the  extremities  of  the  latter  are  practically  parallel, 
then  the  action  at  this  point  will  be  the  same  as  if  the  polarities  of  the 
bar  were  concentrated  at  the  two  points  P  and  P'  respectively.     But 
for  points  that  are  relatively  near  to  the  magnet,  the  action  is  not  so 
simple. 

In  using  the  torsion  balance  it  must  not  be  forgotten  that  the 
needle  «  ^  is  under  the  influence  of  the  earth's  field.  This  obliges 
us  to  place  the  instrument  in  such  a  position  that  the  needle, 
when  under  the  earth's  action  only,  stands  at  the  zero  mark,  or  o°. 

When  the  needle  is  displaced  through  an  angle  ^  the  earth's 
field  gives  a  restoring  couple  that  is  proportional  to  sin  0 ;  and 
this  is  added  to  the  torsion  couple. 

If  0  be  made'  small,  we  may  often  neglect  this  couple  in  com- 
parison with  the  large  couple  due  to  torsion  ;  since  the  smaller  « 
is,  the  smaller  is  the  earth's  couple,  and  the  larger  is  the  torsion 
couple.  Or  we  may  find  experimentally  what  angle  of  torsion  is 
required  to  displace  the  needle  through  6°  under  the  earth's  action 
only.  If  the  angle  of  torsion  required  is  /3°,  then  we  must  add  /3 
to  the  angle  through  which  the  torsion  head  was  turned  in  the 
experiment. 

§  3.  Method  of  Oscillations. — The  figure  represents  a  uniform 

magnetic  field  of  strength   H,  and  a  needle  n  s  o(  magnetic 

moment  m  placed  in  this 
^^j^ 

If  disturbed  from  this 

-^ position  of  rest,  the  needle 

„   will  oscillate  more  or  less 

quickly  ;  the  number  of 

oscillations    per    second 

depending  upon  the  field- 
strength  H,  the  magnetic  moment  m,  and  mass  and  shape  of  the 
needle. 

Now  it  can  be  shown  that  in  all  such  cases  of  oscillation — 
(whether*  of  magnetic  needles  or  of  pendula  or  of  elastic  rods) — 
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the  time  of  a  single  oscillation  is  independent  of  the  angle  of  oscil- 
lation, provided  that  this  is  very  small.  If  this  angle  do  not  exceed 
a  few  degrees  we  may  consider  that  this  law  is  true.  Hence  we 
can  speak  of '  the  rate  of  oscillation/  without  specifying  the  extent 
of  oscillation  in  degrees.  In  the  case  we  are  considering  it  can 
be  shown  by  mechanics  that  for  the  same  needle — 

The  product  H  m  is  proportional  to  the  square  of  the  number  of 
oscillations  per  second. — This  gives  us  a  means  of  comparing,  or  of 
measuring,  two  field-strengths ;  for  we  may  oscillate  in  the  two 
respectively  a  needle  of  constant  magnetic  moment  w,  counting 
the  number  of  oscillations  per  second, — We  may  also  compare  two 
pole-strengths;  since,  at  constant  distance,  the  field  strengths 
will  be  proportional  to  these. 

In  this  method  we  must  reckon  in  the  earth's  action  ;  since 
we  cannot  here  make  it  relatively  so  small  as  to  be  negligible. 

We  so  arrange  matters  that  the  lines  of  force  of  the  field  that 
we  are  considering  act  in  the  same  direction  as  those  due  to  the 
earth ;  ue,  so  that  the  two  fields,  acting  upon  the  needle,  are 
simply  added. 

Let  the  needle  under  the  eartKs  action  only,  or  in  the  field  h, 

oscillate  O©  times  per  second ;  under  the  earth's  action  +  the  first 

fields  or  in  the  field  h  -h  H,,  let  the  number  be  Oj  ;  and  under 

the  earth^s  action  -f  the  second  fields  or  in  the  field  i^  -f-  Hj,  let  the 

number  be  O2. 

Then  by  the  mechanical  law  quoted  above  we  have 

{mh^k,Oo'^ (i.) 

•';;;/(/^  +  H,)  =  >^.0,2      .     .     .     (ii.) 

[m{h^K^)=^k.Oi^     .     .     .     (iii.) 

where  k  is  some  constant  involving  the  mass  and  dimensions  of 
the  needle. 

j  Subtracting  (i.)  and  (ii.)  we  have  w  H|  =  ^  (0|^  —  Oq^) 
(and  subtracting  (i.)  and  (iii.)  we  have  ;//  H2  =  ^  (02*^  —  Oq^). 

From  this  we  obtain  by  division  that 

Hi_0,V-Oo^ 
H2      02*^  -  Oo^' 

This  gives  us  also  the  ratio  of  the  two  pole-strengths,  if  the 
distance  be  constant. 
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Expert ffient.SMch  experiments  are  best  made  with  a  short  massive  needle jj 
the  oscillations  being  counted  for  a  sufficient  length  of  time  to  give  acci 
the  number  per  second. 

Notes. — (i. )  The  needle  must  be  so  short  that  there  is  no  practical  diffe 
in  the  field-strengths  at  its  two  ends. 

(ii.)  The  reader  must  notice  that  we  assume  that  m  is  constant  in  fields  of  J 
different  strengths.     This  is  unfortunately  not  true  ;   as  m  will,  as  a  nile,'^ 
change   when   the   field -strength   changes.     But  the  error  is  not  great  pro* 
vided  that  the  fields  are  so  weak  that  the  magnetism  of  the  needle  is  foond 
not  to  be  permanently  affected. 

Comparison  of  the  magnetic  moments  of  tu*o  needles. — This 
method  enables  us  to  compare  the  magnetic  moments  of  two 
needles.  For  if  we  oscillate  them  in  the  same  field  H^  eg,  that 
due  to  the  earth,  we  have 

\m'YL^k\0^ 
for  the  two  respectively.     From  this  it  follows  that 

m'      k'.O^'' 

Here,  the  constants  k  and  k'  depend  upon  the  masses  and 
dimensions  of  the  two  needles  respectively  ;  and  may  be  readily 
calculated,  provided  that  the  needles  are  of  simple  forms.  If  they 
are  identical  in  mass  and  in  dimensions,  we  have  simply  that 

m'       O/ 

§  4.  Laws  of  Magnetism. — There  are  two  fundamental  laws  in 
magnetism. 

I.  Like  poles  repel^  unlike  poles  attract^  one  another. 
This  simple  observed  fact  needs  no  comment. 

II.  The  force  between  two  poles  varies  inversely  as  the  square 
of  the  distance  between  them. 

It  may  also  be  stated  that  the  force  between  two  poles  /i  and 
n'  is  proportional  to  the  product  /jl  x  fx'.  But  this  is  hardly  a  sepa- 
rate law ;  since  the  magnitude  of  ft  and  /i'  would  be  found  by 
measuring  forces  of  repulsion  ;  and  hence  we  should  be  reason- 
ing in  a  circle  were  we  to  give  this  as  a  third  independent  law. 

The  second  law  is  very  important,  and  requires  experimental 
proof. 
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§  s-  Proof  of  Law  II.  by  Torsion  Balance.— Here  we  keep 
the  same  pole  acting  on  the  needle-pole  «,  but  vary  the  distance. 
{&e  §  2,  fig.  i.)  Now  if  we  only  keep  the  angle  6  small  enough, 
the  following  statements  will  be  approximately  true. 

(i.)  When  the  needle  is  deflected  through  6",  i^**,  ^^°,  &c., 
the  arm  of  the  repulsive  moment  acting  upon  n  s  remains  constant, 
the  force  only  changing. 

(ii.)  If  the  pole  ;z  be  at  a  certain  distance  from  the  rei>elling 
pole  when  the  deflexion  is  ^°,  then  at  ^0°  it  is  at  half  this  distance, 
at  ^$°  it  is  at  one-third  of  this  distance,  and  so  on. 
The  method  is  simple  enough. 

Let  the  needle  be  deflected  through  ^°,  and  let  the  torsion 
angle  be  («i  x  360  -h  a^y.     Then  the  total  angle  of  torsion  is 

(«,  X  360  +  aj  +  oy. 

Now  let  us  force  the  needle  up  to  ^0°  by  a  larger  angle  of 
torsion  («2  X  360  +  a^y.  Then  the  total  angle  of  torsion  is 
(«2  X  360  +  «2  +  ^Oy.     {See  §§  I  and  2.) 

Hence 

Force  at  distance   0  ^  n^  x  360  +  o,  +  ^ 
Force  at  distance  ^0       no  x  360  H-  02  +  i^ 

If  Law  II.  be  true  we  shall  find  that  this  fraction  comes  out  to 
bei. 

So  again  for  an  angle  of  deflexion  ^^°,  we  should  find  that  the 
ratio  comes  out  to  be  ^  ;  and  so  on. 

We  here  suppose  that  the  earth's  action  has  been  allowed  for, 
or  is  relatively  insignificant. 

§  6.  Proof  of  Law  n.  by  Method  of  Oscillation. — Using  a 
'short '  needle  we  can  count  the  oscillations  at  distances  10  cm., 
20  cm.,  30  cm.,  &c.,  from  a  given  pole.  The  magnet  whose  pole 
we  use  should  here — as  in  all  cases  where  we  wish  to  consider 
the  action  of  one  pole  only — be  so  long  that  for  all  these  dis- 
tances the  other  pole  has  a  negligible  action  on  the  vibrating 

needle. 

Eliminating  the  earth's  action  as  before,  we  get  the  ratio  of  the 
field-strengths  at  10  cm.,  20  cm.,  30  cm.,  &c.  If  the  law  be  true, 
then  we  should  have 

H,o  :  H20  :  H30  :  &c.  =  1  :  i  :  i  :  &c. 
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§  7.  Measurements  as  affected  by  Induction. — The  same 
needle  will  give  quite  different  results  under  the  same  external 
conditions  if  its  own  magnetism  alters. 

Hence,  in  all  the  above,  where  a  needle  is  used  for  two  ot 
more  measurements,  and  where  it  is  assumed  that  there  is  no 
change  in  its  magnetic  moment,  we  must  take  care  that  the  fields 
are  not  strong  enough  to  alter  its  magnetism  permanently. 

This  can  be  tested  by  vibrating  it  under  the  earth's  action  only 
before  and  after  the  series  of  experiments,  counting  the  oscillations 
per  second. 

Even  then  there  will  be  error  due  to  the  temporary  alteration 
of  the  magnetic  moment. 

§  8.  Earth's  Magnetism.  General  Ideas. — We  have  spoken 
of  the  *  earth's  action,'  implying  that  the  earth  acts  as  a  magnet. 

It  does  so  act ;  but  from  the  nature  of  the  causes  of  its  mag- 
netic action  we  cannot  give  a  simple  account  of  the  position  of  its 
poles  or  distribution  of  its  magnetism. 

The  lines  of  force  viewed  as  a  whole  {see  Chapter  II.  §  11) 
would  be  seen  to  be  wavy ;  and  it  would  probably  be  seen  that 
they  converged  to  more  than  one  north  and  south  pole. 

But  it  will  give  some  idea  if  we  say  that  the  earth's  action  is 
nearly  that  which  there  would  be  if  the  whole  earth  were  neutral, 
and  if  there  were  buried  at  the  centre  a  powerful  magnet  about 
half  as  long  as  the  earth's  axis,  whose  position  lay  about  20°  from 
the  earth's  axis,  and  varied  from  year  to  year  and  century  to  century. 

This  would  give  us  lines  of  force  lying  horizontal  over  the 
equatorial  regions,  dipping  more  and  more  as  we  go  north  or 
south,  and  plunging  perpendicularly  into  the  earth  at  the  points 
cut  by  the  prolongation  of  the  axis  of  our  buried  magnet. 

Any  magnetic  needle  used  will  be  so  very  small  with  respect  to 
the  earth,  that  the  lines  of  force  will  be  with  respect  to  it  practi- 
cally parallel,  or  the  earth's  field  practically  uniform.  In  fact,  we 
could  not  detect  any  difference  between  the  earth's  field  in  different 
parts  of  the  same  room. 

The  earth^s  a.tion  therefore  on  a  needle  will  be  a  pure  coupUyand 
will  simply  direct  it. 

If  it  were  not  so  we  ought  to  find  besides  the  couple  a  hori- 
zontal force,  or  a  vertical  force,  or  both. 

But  experiment  shows  that  no  such  force  exists. 
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Experiments, — (i.)  A  needle  floating  on  a  cork  shows  absence  of  any 
horizontal  force,  by  not  moving  in  any  direction. 

(ii. )  A  needle  weighed  before  and  after  magnetisation  shows  absence  of  a 
vertical  force  by  absence  of  change  in  weight. 

Note, — In  what  follows  we  shall  often  speak  of  the  single  force  acting  on 
one  pole  of  a  magnet  needle,  instead  of  the  couple  that  acts  on  the  needle  as  a 
whole.  The  reader  will  see  that  this  is  for  convenience,  and  does  not  in  any 
way  contradict  the  above. 

§  9.  Compasses. 

Definition  of  magnetic  axis, — A  B  represents  a  magnetic  needle, 
perfectly  symmetrical ;  its  ends  A  B  and  its  point  of  suspension  O  lying 
in  a  straight  line. 

If  A  B  be  also  symmetrically  magnetised,  then  it  will  come  to  rest 
with  the  geometric  axis  A  O  B  lying  along  the  lines  of  force  acting 
upon  it. 

But  if  the  needle  be  unsymmetrically  magnetised,  then,  in  the 
position  of  rest,  some  other  line  as  «  O  J  will  lie  along  the  lines  of 
force.     This  line  through  O, 
that  lies  along   the  lines  of  ^^^^^^^^^^ — ^ 

force  when  the  needle  ^'^^^^^^^^^^^^^^^^^'^ 

rest,  is  called  the    magnetic  « 

axis  of  the  needle. 

It  ought  to  coincide  with  the  geometric  axis  A  O  B  ;  and  in  a  well- 
made  lozenge-shaped  needle  this  will  be  the  case. 

AVhen  an  ordinary  compass-needle  comes  to  rest,  the  direction 
of  its  magnetic  axis  shows  us  the  direction  of  the  horizontal  com- 
ponent of  the  earth's  lines  of  force  at  the  place  where  the  compass 
is  used.    (For  horizontal  component^  and  resolution^  see  further  on.) 

This  will  be  all  that  we  can  learn.  Unless  we  have  further  in- 
formation as  to  the  declination  {see  §  11)  at  the  place  in  ques- 
tion, we  cannot  tell  the  direction  of  the  geographic  north  and 
south. 

The  mariner's  compass  differs  from  the  ordinary  compass  in 
that  the  whole  card  turns  on  a  pivot ;  there  being  several  needles, 
parallel  to  each  other,  attached  to  the  card  underneath.  There  is 
a  fixed  mark  on  the  side  of  the  compass-box,  and  one  reads  off 
what  point  on  the  card  lies  against  this  mark  ;  whereas  in  the 
other  compass  one  reads  off  the  point  on  the  fixed  card  over 
which  the  needle  has  come  to  rest. 

The  comj:>ass-box  is,  moreover,  provided  wiih  two  sets  of 
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pivots  at  right  angles  to  each  other,  so  that  the  card  may  remain 
horizontal  in  spite  of  the  rolling  of  the  ship. 

§  lo.  Modification  of  Earth's  Lines  of  Force  by  the  Presence 
of  Iron  Masses. — Any  masses  of  iron  or  steel  will  modify  the 
earth's  field  of  force  in  their  vicinity. 

This  disturbance  of  the  field  is  of  especial  importance  inships^ 
since  there  it  may  bear  a  large  proportion  to  the  'whole  field. 

To  render  the  magnetism  of  an  iron  ship  as  symmetrical  as 
possible,  it  should  lie  along  the  lines  of  force  while  it  is  being 
subjected  to  the  prolonged  hammering  during  its  construction. 

§  II.  The  Earth's  'Magnetic  Elements.'— If  we  take  any 
point  on  the  earth's  surface  there  will  be  through  this  point 
a  line  of  force.  This  will  lie  more  or  less  horizontally  in  equa- 
torial regions  and  vertically  in  polar  regions.  In  our  latitude  it 
will  lie  obliquely,  dipping  down  towards  the  north.  That  vertical 
plane,  through  the  point,  that  contains  the  line  of  force,  is  called 
the  plane  of  the  magnetic  meridian  \  just  as  the  vertical  plane,  that 
passes  through  the  geographical  north  and  south  points,  is  called 
the  plane  of  the  geographical  meridian. 

The  earth's  field  can  be  resolved  into  a  vertical  and  a  hori- 
zontal component  in  this  plane,  as  we  shall  see  further  in  §  13. 
It  is  the  horizontal  component  that  acts  on  the  ordinary  compass, 
so  that  the  magnetic  axis  of  the  needle  will  come  to  rest  in  this  line. 

Hence,  the  plane  of  the  magnetic  meridian  can  also  be  defined 
as  that  vertical  plane  that  contains  the  magnetic  axis  of  a  com- 
pass-needle at  the  place  in  questioa 

At  any  place  we  know  all  about  the  earth's  field  when  we 
know  the  three  particulars  given  below.  These  are  called  the 
eartJCs  three  magnetic  elements  at  the  place. 

(i.)  The  declination  is  the  angle  between  the  planes  of  the 
magnetic  and  geographic  meridian.  It  is  called  west  or  east 
declination^  as  the  needle  points  to  the  west  or  east  of  the  geo- 
graphic north  respectively. 

(ii.)  The  inclination  is  the  angle  between  the  direction  of  the 
lines  of  force  and  the  horizontal  plane.     It  is  also  called  the  dip, 

(iii.)  The  intensity  is  the  field-strength  measured  in  C.G.S. 
units,  as  explained  in  Chapter  II.  §  8. 

Besides  the  *  elements'  there  are  other  terms  that  need  ex- 
planation. 
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^gjte  Variations  are  changes  taking  place  (from  hour  to  hour,  day 
^Bb  day,  year  to  year,  and  age  to  age)  in  any  of  the  elements, 
i^^fost  of  these  changes,  and  probably  all,  are  periodic. 
S^  Magnetic  storms  are  *  irregular '  disturbances,  or  those  which 
^0*5  yet  we  cannot  predict  The  most  powerful  are  those  accom- 
^,3P^"y^"o  marked  and  sudden  alterations  in  the  sun,  such  as  a 
Sudden  appearance  or  disappearance  of  sun-spots. 

Magnetic  equator  is  an  irregular  line  round  the  earth's  equa- 
'•orial  regions  at  all  points  along  which  there  is  no  inclination,  the 
lines  of  force  being  horizontal. 

Iso-clinic  lines  answer  to  the  parallels  of  latitude.  They  are 
irregular  lines,  only  very  roughly  parallel  to  the  magnetic  equator, 
connecting  points  of  equal  inclinations. 

Iso-gonic  lines  answer  to  meridians  of  longitude.  They  also  are 
wavy  and  irregular.  They  converge  towards  points  where  the 
lines  of  force  are  vertical ;  points  which  would  be  called  *  the 
earth's  magnetic  north  *nd  south  poles,'  only  that  there  appear 
to  be  more  than  one  of  each,  and  each  of  these  is  perhaps  not  a 
point  but  an  area. 

§  12.  Measurement  of  Declination. — The  finding  of  the  angle 
between  the  planes  of  the  magnetic  and  geographic  meridian  is 
effected  by  means  of  an  instrument  called  a  declinometer ;  this 
being  provided  with  means  by  which  we  can  find  both  meridians. 

Near  the  base  of  the  instrument  is  a  compass-box  with  a  very 
carefully  graduated  card,  over  the  centre  of  which  is  suspended  a 
compass-needle.  This  compass-needle  is  of  lozenge  shape,  and 
has  at  each  end  a  fine  cross  scratched.  It  is  suspended  in  a  sort 
of  stirrup,  so  that  it  can  be  turned  over  if  required.  Thus,  we 
can  use  it  with  either  surface  uppermost. 

On  a  vertical  axis,  coinciding  with  the  axis  of  suspension  of 
the  needle,  and  passing  through  the  centre  of  the  graduated  card, 
turns  a  telescope.  This  telescope  is  provided  with  an  object- 
glass  so  made  that  both  distant  and  near  objects  can  be  viewed 
without  altering  the  focus  of  the  instrument.  It  is  capable  of 
being  inclined  to  the  horizontal  plane  as  well  as  of  turning  about 
a  vertical  axis. 

There  is  a  fixed  horizontal  graduated  circle  and  an  index 
movable  with  the  telescope,  to  tell  us  through  what  angle  we  turn 
the  telescope  about  its  vertical  axis. 
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The  general  method,  without  detail,  is  as  follows. 

With  the  telescoije  observe  some  distant  object  whose  gi 
graphical  bearing  is  known,  eg.  some  star  not  far  from  t 
horizon.  Read  off  the  position  of  the  index  on  the  gradual 
circle  ;  and,  ftoin  knowledge  of  the  bearing  of  the  object,  note 
down  at  what  division  on  the  graduated  circle  the  index  would 
stand  if  the  telescope  were  directed  to  the  geographical  nortli 
Next  set  the  telescope  parallel  to  the  magnetic  axis  of  the  needle 


which,  if  the  instrument  be  perfectly  made,  will  be  done  by  turn- 
ing the  telescope  round  till  the  end  of  the  needle  is  viewed 
Read  the  position  of  the  index.  The  difference  between  this 
.reading  and  the  last  will  be  the  angle  between  the  magnetic  axis 
of  the  needle  and  the  geographical  north  and  south  line,  or  it  will 
be  the  declination. 

Corrections.— (\.)  If  the  vertical  axis  about  which  the  telescope  turns 
does  not  pass  through  the  point  of  suspension  of  the  needle,  then  the 
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telescope,  when  the  whole  instrument  is  viewed  from  above,  would  be 
seen  to  lie  off  to  one  side  of  the  needle.  The  consequence  of  this 
would  be  that  when  the  telescope  was  directed  so  as  to  point  at  one 
end  of  the  needle,  it  would  be  inclined  to  the  needle  and  not  parallel 
to  it 

In  fig.  ii.  (which  represents  this  state  of  things  as  viewed  directly 

from  above,  or  is  a  horizontal  projection  of  the  needle  and  optical  axis 

of  the  telescope)  O  and  O'  are  projections  of  the 

vertical  axes  of  rotation  of  needle  and  telescope  re- 
spectively.    When  we  view  one  end  n  of  the  needle, 

the  direction  O'  noi  the  telescope  is  not  parallel  to 

the  axis  n  s  oi  the  needle.     But  if  we  first  view  «, 

then  view  j,  and  bisect  the  angle  between  O'  n  and 

0'  s  produced  back  through  O',  then  the  direction 

0'  ri  is  that  parallel  to  n  s. 

Thus  we  first  regard  the  geographical  north  along 

0'  N  ;  then,  by  taking  two  readings  and  striking  an 

average,  we  find  the  line  O' «'  parallel  to  sn;  and 

so  arrive  at  the  declination  N  O'  n\    We  will  call 

this  angle  d. 
(ii.)  In  the  above,  sn  is  the  axis  of  figure  (or 

geometric  axis)  of  the  needle.     It  may  not  be  the 

true  magnetic  axis. 

If  it  be  not  we  proceed  as  follows. 

If  it  only  be  remembered  that  it  is  the  magnetic  axis  of  the  needle 

that  preserves  a  constant  direction,  it  will  be  seen  that  if  the  needle  be 


Fig.  ii. 


I IG.  lU. 


turned  over  in  its  stirrup,  it  will  now  lie  as  much  to  the  one  side  of 
magnetic  north  and  south  as  it  before  did  to  the  other. 

Hence,  the  average  position  of  the  needle  will  give  us  the  true 
direction  «  w  of  its  magnetic  axis  (see  fig.  iii.) 
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So  that  if  the  process  given  in  correction  (i.)  be  appHed  over 
with  the  needle  turned  over  in  its  stirrup,  then  the  average  value 
d,  as  obtained  from  these/our  readings,  will  be  the  true  declination. 

[There  are  also  other  corrections  not  given  here.] 

§  13.  Besolution  of  Earth's  total  Field  into  two,  or  fliiee» 
Components. — Let  us  first  suppose  that  we  are  viewing  the  plane 
of  the  magnetic  meridian  at  a  place,  from  a  position  off  to  the 
west  of  this  place. 

In  the  diagram,  VON  represents  the  plane  of  the  magnetic 
meridian  ;  O  R  represents  in  direction  and  magnitude  the  earth's 

total  field ;  which,  as  we  know,  lies  in 
M  w         ^0     this  plane.    We  can  resolve  this  into  two 

components ;  O  H,  or  H,  horizontal ;  0 V, 
or  V,  vertical.  In  the  case  of  an  ordinary 
compass-needle,  which  can  only  move  in 
a  horizontal  plane,  the  vertical  component 
V  is  lost,  and  only  H  acts  on  the  needle . 
to  direct  it. 

But  let  us  consider  a  needle  swinging 
in  a  vertical  plane,  and  supported  on  a 
horizontal  axis.  The  figure  in  §  14  shows 
such  a  needle.  We  can  turn  the  instrument  round  so  that  the 
vertical  plane  in  which  the  needle  is  free  to  swing  is  in  any 
position ;  from  one  in  which  it  coincides  with  the  plane  of  the 
magnetic  meridian,  to  that  in  which  it  lies  magnetic  west  and  east 
In  the  first  position  the  whole  force  R  acts  to  direct  the 
needle ;  and  the  needle,  if  properly  balanced,  is  directed  along 
the  lines  of  force. 

In  the  second  position  mentioned,  only  the  vertical  com- 
ponent V  can  act  on  the  needle  to  direct  it ;  the  horizontal  com- 
ponent being  directly  resisted  by  the  axis. 

In  intermediate  positions,  in  which  its  plane  of  swing  makes 
an  angle  6  with  the  plane  of  the  magnetic  meridian,  we  have  the 
whole  of  V  acting,  and  part  of  H. 

If  R  is  the  whole  force,  and  a  the  angle  of  dip,  then  we 
have 

jH  =  R  cos  a. 
(V  =  Rsin  a. 


Fig.  i. 


a  . 
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^     Now  in  the  next  figure  it  is  supposed  that  we  are  looking 
l9own  from  above. 

POP'  is  the  projection  of  the  vertical  plane  in  which  the 
needle  swings  ;  O  N  is  the  magnetic  norih  and  south  line ;  £  O  W 


is  the  magnetic  east  and  west  line  ;  O  H  is  seen  in  its  full  length ; 
O  V  has  sunk  into  the  p<Mnt  O  ;  and  O  R  is  not  given,  since  it 
would  appear  in  a  foreshortened  condition.  The  angle  PON 
is  6. 

Resolving  H  into  two  components,  of  which  the  one  OH' 
acts  upon  the  needle,  while  the  other  O  A'  is  directly  resisted  by 
the  pivots,  we  have  acting  upon  the  dip-needle 
in  this  position 

OH',  or  H. cos 0 

or  R  .  cos  a  .  cos  6     ,     .     ,   horizontally, 
O  V,  or  R  sin  a vertically. 

In  our  third  figure  we  give  a  side  view  ol 
the  vertical  plane  in  which  we  suppose  our  dip- 
needle  to  be  swinging ;  this  vertical  plane  being 
at  an  angle  6^  from  the  plane  of  the  magnetic  meridian. 

/Horizontal  component  =  H'  =  R  cos  a .  cos  ^. 
Vertical  component  =  V  =  R  sin  a. 
\  (Total  force)2  ==  (R')«  =  R^  cos^  a .  cos^ .  0  -f  R2 .  sin^  a 


\ 


tan  /3  = 


sma 


cos «» .  cos  J. 
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Here  fl  is  the  angle  made  by  the  needle  widi  the  horizontal  | 
plane,  and  R'  is  the  resultant  field  acting  upon  the  needle  in  the] 
given  position  of  its  plane  of  swing. 

§  14.  To  find  the  Tncliiiation,  or  Dip.— We  will  first  give  a 
general  description  of  the  method  of  finding  the  dip ;  and  later 
will  give  more  detail 

W'e  will  suppose  that  a  steel  needle  has  been  accurately 
balanced  on  a  horizontal  axis,  so  that  it  swings  in  a  vertical 
[jlane.  While  unmagnetised  it  will,  if  truly  balanced,  take  up 
any  position  in  this  plane  indifferently. 

Now  suppose  that  this  needle  is  accurately  magnetised  so  that 
its  magnetic  axis  coincides  with  its  axis  of  figure.  The  needle 
will  now  set  in  the  direction  of  the  resultant  field  R'  of  the  last 
section  ;  this  direction  depending  upon  the  angle  6  which  its 
plane  of  swing  makes  with  the  plane  of  the  magnetic  meridian, 
as  well  as  upon  the  angle  of  dip  a  at  the  locality  in  quesdorL  If 
f^  be  zero^  then  the  needle  takes  up  the  direction  of  dip,  or  it 
makes  with  the  horizontal  plane  the  angle  a  ;  for  in  this  case  R' 
is  the  same  as  R. 

If  0  be  90°,  or  if  the  plane  of  swing  stand  magnetic  east  and 
west,  the  needle  stands  in  a  vertical  position ;  since  in  this  case 
we  have  only  the  vertical  component  V  acting  upon  it  Hence 
we  can  find  the  angle  a  of  dip,  if  we  have  a  vertical  graduated 
circle  fixed  near  to  the  needle.  We  first  obtain  the  direction  of 
magnetic  east  and  west,  by  turning  the  plane  of  swing  round  until 
the  needle  stands  vertically.  We  then  turn  this  plane  through  90°, 
so  that  it  may  coincide  wich  the  plane  of  the  magnetic  meridian. 
The  angle  now  made  by  the  needle  with  the  horizontal  will  be  the 
recjuired  angle  a  of  dip. 

Corrections, — In  practice,  however,  it  is  necessary  to  make  several 
corrections  owing  to  unavoidable  imperfections  in  the  instruments. 

(i.)  For  error  in  the  magnetic  axis  of  the  needle.— "^^  wish  to  find 
the  position  in  which  the  magnetic  axis  of  the  needle  is  vertical,  since 
it  is  this  that  gives  us  true  magnetic  east  and  west.  Hence,  we  must 
turn  the  plane  until  the  needle  is  vertical ;  must  then  take  the  needle  out 
of  its  pivots  and  replace  it  in  a  reversed  position  ;  must,  if  necessary, 
turn  the  plane  slightly  until  the  needle  is  again  vertical ;  and  finally, 
must  give  to  the  plane  the  mean  of  these  two  positions.  This  will  be 
the  true  magnetic  east  and  west. 

(ii.)  Error  of  balance. ~\i  is  almost  impossible  to  balance  the 
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needle  so  truly  that,  when  unmagnetised,  it  n-ill  take  up  any  posiiion 
bdifferently.  Such  a  defect  can  be  corrected  for  by  repeating  the 
'above  processes  with  the  needle  reversed  in  magnetism. 

Thus  we  have  in  all/fwr  measurements  to  make. 

[There  are  also  other  corrections  not  given  here,] 

'  Goolden's  a>td  Casella's  Dtp-aW/e.'—The  accompanying  figure 
represents  a  very  convenient  form  of  apparatus  by  means  of  which 
the  dip  can,  for  teaching  purposes,  be 
found  with  sufficient  accuracy. 

Full  instructions  as  to  its  use  are 
supplied  with  the  instrument,  and 
need  not  be  given  here. 

For  ordinary  purposes  we  can 
assume  that  error  (ii.)  has  been  cor- 
rected by  the  makers.  If  we  follow 
carefully  the  instructions  given,  it 
will  be  found  that  they  aniount  simply 


(i.)  Showing  us  howto  set  the  plane 
of  swing,  and  its  axis,  in  a  vertical 
position. 

(ii.)  Showingushow  to  correct  for 
error  (i.)  given  earlier ;  the  error  z'iz.    ,  "■"-  ■         _; 

respecting  the  magnetic  axis  of  the       ""  -■  -■—  - —      — 

needle. 

There  is  a  very  sitnple  device  by  means  of  which  we  can  turn 
the  plane  of  swing  through  i8o°  or  90'  from  anji  initial  position. 

§  15.  Hea«nrement  of  ths  EarUi'i  Ha^etio  Elements,  ~^^'e 
have  described  in  §§  11  and  14  how  two  out  of  the  three  magiitiic 
elements  (see  §  11)  at  any  place  can  be  measured.  It  remains  only 
to  show  how  the  intensity  R  of  the  earth's  field  can  be  determined. 

Now  by  §  13  it  is  clear  that,  if  we  have  measured  the  inclina- 
tion a,  we  can  find  R  by  measuring  the  horizontal  component  H 
of  the  earth's  total  field.  For  we  have  the  simple  relation  that 
H  =  R  cos .  a.  This  is  convenient ;  since,  for  practical  reasons,  it 
is  easier  to  measure  the  strength  of  a  horizontal  field  than  of  one 
inclined  at  any  angle  to  the  horizontal. 

The  ^»e/Ts/ method  of  finding  H  is  somewhat  as  follows, 

A  steel  bar  is  made,  of  simple  rectangular  shape ;  such  that  its 
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mechanical  properties,  as  depending  upon  its  mass  and  its  dimeo.] 
sions,  can  be  readily  calculated.  This  is  very  carefully  magnetised, 
and  is  then  suspended  by  a  thread  of  fibre  of  negligible  tor^onsd 
elasticity,  so  that  there  is  complete  freedom  of  vibration  in  a 
magnetic  field. 

It  is  then  vibrated  in  a  horizontal  plane  under  the  influence  of 
the  earth's  action  only.  As  explained  in  §  3,  this  enables  us  to 
determine,  in  absolute  CG.S.  units  if  we  so  desire,  the  value  of  the 
product  H  /// ;  where  H  is  the  horizontal  component  of  the  earth's 
field,  and  ///  is  the  magnetic  moment  of  the  bar.  But  we  cannot 
in  this  way  separate  H  from  m. 

Next  we  find  the  value  of  the  quantity  — .    To  eflfect  this,  we 

compare  the  actions  of  the  earth's  field  and  of  the  magnetic  bar 
respectively  upon  a  small  magnetic  needle ;  as  it  were  setting  the 
field  H  against  a  field  that  can  be  shown  to  be  proportional  to ;«. 
We  shall  in  §  16  describe  more  exactly  how  this  is  done. 
We  thus  have 

H  M  =  a  (where  a  is  known). 


(i.) 
((ii.) 


14 

—  =  ^  (where  d  is  known). 

/// 


Hence,  by  multiplying,  we  obtain  the 
value  of  H ;  and  so  also  of  R,  since  R 
=  H  .  sec  a. 

§  16.  The '  Method  of  DeflezionB.'— If 
a  small  needle  O  of  magnetic  moment  »/ 
be  under  the  horizontal  component  H  of 
the  earth's  field  only,  it  will  lie  along  the 
lines  of  this  field  ;  and  if  it  be  deflected 
to  an  angle  1°  from  this  direction,  it  will  be 
acted  upon  by  a  restoring  couple  measured 
by  H  .  w' .  sin  I  (see  Chapter  II.  §  1 2). 

Now  if  the  needle  be  thus  deflected 
by  a  field  T,  due  to  a  magnetic  bar  N  S 
^so  placed  that  its  lines  of  force  run  at 
jj'*  right  angles  to  the  earth's  lines,  the  de- 
flecting couple  due  to  this  magnetic  bar 
will  be  measured  by  T ,  m\  cos  c.    When  there  is  equilibrium  it 
must  be  that  these  couples  are  equal ;  and  thus    ^    .    .    .     .    • 
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(Compare  with  the  theory  of  the  'Tangent  galvanometer/ 
in  Chapter  XVII.  §  5.) 

We  thus  can  find  the  ratio  of  T  to  H,  without  any  knowledge 
of  the  magnetic  moment  m'  of  our  small  needle.  For  this  moment 
m'  *  cancels  out'  when  the  ratio  between  the  two  fields  is  con- 
sidered.  When  the  bar  and  small  needle  are  suitably  situated 
with  respect  to  one  another,  it  can  be  shown  that  the  field  T  is 
proportional  to  the  magnetic  moment  m  of  the  bar. 

In  what  follows  we  shall  investigate  the  relations  that  exist 
between  the  angle  I  of  deflexion,  the  two  fields  H  and  T,  the 
magnetic  moment  m  of  the  bar,  and  the  distance  of  this  latter  from 
the  small  needle  when  these  two  are  suitably  arranged.  And  we 
shall  show  how  we  may  experimentally  determine  the  value  of 

XT 

—  ;  a  result  of  which  the  importance  is  indicated  in  §  15. 
m 

*  Total  action^  of  a  magnetic  bar  upon  a  small  magnetic  needle; 

H 
and  the  determination  of—, — In  the  figure  the  small  needle  is  placed 

m 

at  O  ;  the  word  *  small '  having  the  usual  relative  meaning,  and  implying 
that  we  may  consider  its  poles  to  be  in  a  field  that  does  not  differ 
sensibly  from  the  field  at  its  centre  O.  The  line  O  H  represents  in 
direction  and  in  magnitude  the  earth's  horizontal  field  H.  The  mag- 
netic bar  N  S  is  so  placed  that  the  line  H  O  passes  through  its  centre 
C,  and  is  perpendicular  to  its  axis.  The  pole-strength  of  N  S  is  /i,  and 
its  length  is  2a^  so  that  its  magnetic  moment  m  is  2^i/x.  The  distances 
N  O  and  S  O  from  the  centre  of  the  small  needle  to  the  poles  of  the 
magnetic  bar  are  each  measured  by  r. 

If  we  mark  out  on  S  O  and  on  N  O  produced,  the  equal  distances 
O  s  and  O  n  representing  the  two  components  of  the  field  due  to  the 
two  poles  respectively,  then  the  diagonal  O  T  of  the  completed 
parallelogram  will  represent  on  the  same  scale  the  resultant  field- 
strength  T  at  the  point  O  due  to  the  magnetic  bar ;  the  lines  of  force 
thus  being  perpendicular  to  the  earth's  lines. 

The  small  needle  will  take  up  a  position  lying  along  the  resultant 

of  O  T  and  O  H,  so  that  if  the  angle  of  deflexion  from  the  magnetic 

T 
meridian  be  d,  then  we  have  the  relation  tan  5  ■>  w.. 

rl 

Now  the  lines  O  n  and  O  s  each  represent  the  components  of  the 
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field  due  to  one  pole,  ue,  represent  ^-,.     And  by  similar  figures  we 

have  the  proportion  ^  ^  «  ?  ?. ;  or  T  «  ^—  .  ^.     Since  we  may  write 

\j  n       r  r      T 

in  for  2ayLy  we  have 

^  ,  whence       = ; 

tan  5  «  ^ 

and  these  results  give  us  all  that  we  desired. 

It  is  clear  that  the  same  method  enables  us  to  eliminate  H  and  to 
'find  ;//,  if  we  wish  to  do  so. 

And  the  latter  part  of  the  experiment,  or  the  '  method  of  deflexion,' 
enables  us  to  compare  the  magnetic  moments  of  two  magnetic  bais 
such  as  N  S,  and  that  without  any  knowledge  of  their  relative  masses. 
We  must,  however,  know  approximately  the  positions  of  their  *  poles,' 
otherwise  we  could  not  substitute  a  measured  value  for  r. 

§17.  Magnetometers.    Changes  in  the  Earth's  Field.— When 

a  magnetic  bar  is  so  constructed  and  suspended  that  by  means  of  it 
we  can  determine  the  absolute  value  of  H  (and  hence  of  R)  at  any 
place,  we  have  the  essential  part  of  that  important  instrument,  the 
Magnetometer. 

For  the  construction  and  use  of  this  class  of  instrument  the 
reader  must  consult  more  technical  works.  He  will  there  see  how 
a  magnetometer  can  be  also  caused  to  record  automatically,  in  a 
continuous  manner,  the  daily  and  hourly  changes  in  the  earth's 
field. 

We  will  here  merely  indicate  in  a  general  manner  how  such 
changes  could  be  observed. 

(i.)  Variations  in 
H.—  Let  O  N  repre- 
sent the  direction  of 
the  lines  of  force  in 
the  horizontal  com- 
^  ponent  of  the  earth's 

^ 'F^^^^o^^^^^ ^  field,  and  let  nshtz. 

magnetic  needle  that 
has  been  deflected  into  a  position  lying  due  magnetic  east  and  west, 
by  means  of  torsion. 
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In  this  position  the  couple  due  to  H  is  first  balanced  by  the 
torsion  couple. 

Any  change  in  H  will  evidently  destroy  the  equilibrium,  and 
the  position  of  the  needle  will  change.  Very  slight  movements 
can  be  detected  if  we  employ  a  beam  of  light  reflected  from  a 
mirror  attached  to  the  needle.     {See  Chapter  XVIL  §  10.) 

(ii.)  Variations  in  V. — Any  needle  must  be  balanced  after 
magnetisation,  if  it  is  to  maintain  a  horizontal  position.  In  such 
a  position  we  then  have  on  the  one  hand  a  gravity  couple,  if  the 
centre  of  gravity  is  not  directly  under  the  pivot ;  and  on  the  other 
hand  a  magnetic  couple,  due  to  the  vertical  component  of  the 
earth's  field.     These  two  couples  are  in  equilibrium. 

Any  change  in  the  vertical  component  V  of  the  earth's  field 
will  disturb  this  equilibrium,  and  the  consequent  movements  of 
the  needle  (in  a  vertical  plane)  can  be  observed  by  means  of  the 
reflected  beam  method. 
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CHAPTER   IV. 

THE   SIMPLER   PHENOMENA  OF   ELECTROSTA'nCS. 

§  I.  Introductory. — We  think  it  best  to  give  the  reader  a 
general  view  of  the  phenomena  of  statical  electricity  before  dis- 
cussion of  the  theory  of  electricity  as  based  on  idea3  of  potential 
and  fields  of  force. 

So  we  propose,  in  this  preliminary  view,  to  use  language  that 
may  not  be  very  scientific,  but  at  any  rate  will  not  be  misleading 
to  a  learner  previously  warned 

The  reader  must  carefully  note  in  what  follows  that  in  electrostatics 
as  in  magnetism  all  the  phenomena  are  dual  in  nature. 

In  magnetism  there  are  two  polarities  that,  together,  neutralise 
each  other's  external  effect ;  apart,  they  g^ve  a  field  of  magnetic  force; 
the  two  ends  of  all  the  lines  of  force  terminating  against  matter  of  + 
and  —  polarity  respectively. 

So,  in  electrostatics^  we  shall  find  always  two  sorts  of  electrifica- 
tions that,  together,  neutralise  each  other's  external  effect ;  apart,  they 
give  us  a  field  of  electric  force,  the  two  ends  of  all  the  lines  of  force 
terminating  against  +  and  —  electrifications  respectively. 

In  magnetism  this  polarity  is  molecular,  and  we  can  never  isolate 
the  one  polarity.  In  electrostatics  we  shall  see  that  the  case  is  some- 
what different ;  but  yet  every  +  electrification  has  corresponding  to  it 
a  -  electrification  of  just  the  magnitude  to  neutralise  it. 

§  2.  Electrical  Excitement. — ^As  early  as  640  6.c.  it  was  noticed 
that  when  certain  bodies,  such  as  amber,  were  rubbed,  they 
became  possessed  of  many  peculiar  properties.  Thus  they  could 
*  attract '  to  them  light  bodies  such  as  bits  of  paper  or  pith-balls  ; 
when  held  near  the  face  they  gave  rise  to  a  peculiar  sensation, 
similar  to  that  produced  by  coming  into  contact  with  cobwebs  ; 
and,  under  certain  conditions,  luminous  phenomena  could  be 
observed. 
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Experiments,— {i.)  We  hang  up  a  large  pith-ball  by  means  of  a  fine  wire 
^ now  we  bring  near  a  glass  rod  rubbed  with  silk,  or  an  ebonite  rod  rubbed 
rith  flannel,  the  pith-ball  will  be  attracted  to  the  rod.     Many  experiments  of 
sort  can  be  tried. 

(IL)  If  we  approach  the  excited  rod  to  the  face  the  peculiar  sensation, 
^^leferred  to  above,  is  at  once  felt. 

(iii. )  If  we  rub  the  rod  in  the  dark,  luminous  effects  will  be  at  once  noticed. 

Note,  —In  order  to  succeed  in  the  above  experiments  we  should  warm  all 
^e  apparatus  used,  so  as  to  insure  its  perfect  dryness. 

§  3.  Dryness  needed ;  not  High  Temperature. — It  was  found 
that  in  order  to  make  these  experiments  succeed  it  was  better  to 
warm  the  rubbers  and  the  rubbed  at  a  fire. 

But  a  little  further  experiment  will  show  that  it  is  not  high 
temperature,  but  the  dryness  of  surface  obtained,  that  we  need. 

Experiments. — (i.)  If  we  heat  the  bodies  in  damp  steam  we  fail  to  get  a 
result,  though  the  bodies  are  hot. 

(ii. )  If  we  dry  the  bodies  by  leaving  them  for  some  time  under  a  glass 
case  in  presence  of  some  desiccating  body,  the  experiments  will  succeed  though 
the  bodies  are  cold. 

§  4.  Attraction  and  Bepnlsion  Phenomena.— We  find  that  after 
a  body  has  been  in  contact  with  an  excited  body,  and  if  the 
conditions  are  such  that  it  itself  becomes  and  remains  excited  by 
contact,  then  it  will  be  repelled  by  the  body  from  which  it  received 
its  excitement. 

But  if  the  excitement  it  has  received  be  removed  from  it,  the 
original  attractive  action  will  be  again  seen. 

Experiments. — (i.)  If  we  hang  our  pith-ball  by  a  dry  silk  thread,  we  find 
that  it  becomes  and  remains  excited  after  contact  with  the  excited  rod.  In 
this  condition  it  will  be  repelled  by  the  rod.  But  if  we  hang  it  by  a  metallic 
wire,  or  if  we  keep  touching  with  the  hand,  it  will  not  retain  its  excitement, 
and  it  will  always  be  attracted  by  the  rod. 

(ii.)  The  two  leaves  of  a  gold-leaf  electroscope  repel  one  another  when 
charged. 

Note  on  the  Gold-leaf  Electroscope,— TYiis  instrument  is  a  very  sensitive 
indicator  of  electrical  excitement,  and  it  may  be  constructed  in  various  ways. 
In  the  ordinary  form  there  are  two  strips  of  gold  leaf,  n  »,  suspended  from  a 
brass  wire  which  passes  through  the  neck  of  a  glass  vessel  B.  This  wire 
terminates  in  a  knob  or  plate  C.  Inside  the  vessel  is  usually  placed  some 
desiccating  substance,  such  as  calcium  chloride.  Two  strips  of  tin-foil  are 
often  gummed  on  to  the  inside  of  the  vessel  so  as  to  be  opposite  to  the  gold- 
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leaves ;  and  these  strips  should  be  in  metallic  connection  with  the  canh.dl 
with  the  table  upon  which  the  instrument  stands.  The  glass  of  the  vessel  B 
should  be  diy,  and  the  upper  part  may  be  coated  with  shellac -vamkh.    '' 

reasons  for  these  details  of  const  mcikt| 
will  be  understood  later  on. 

Tirf  for  electrification. — 
also  understand  by  what  follows  hln  I 
that  the  only  certain  test  for  eleclrit  ■ 
cation  is  the  divergence  of  Ihe  leates 
.  If  the  leaves  be  chained  and  be  di 
vergenl,  it  is  found  that  the  approicb 
of  a  neutral  (or  unexcited)  body  to 
knob  C  will  cause  a  greater  or 
CBiivergeiice  of  the  leaves.  Hence,  it 
in  any  case  we  obtain  such  convergence 
of  the  leaves  by  the  approach  of  a  bod;, 
we  should  compare  the  amount  of  ihil 
convergence  with  that  produced  by  iht 
approach  of  the  same,  or  a  simil.ir  bodj 
when  unexcited.  It  is  only  if  Ihe 
former  convei^nce  is  markedly  greater  in  amount  than  ihe  latter  that  we 
can  say  that  it  indicated  electrical  excitement  in  the  body  approached. 

§  5.  Condnctora  and  Non-Conduoton.— Such  threads  as  do 
not  allow  the  pith-ball,  after  excitement  by  contact  with  the  I 
excited  rod,  to  remain  excited,  were  said  to  conduct  away  what  ' 
was  formerly  called  '  the  electric  fluid.'  Other  such  experiraenis 
were  made,  and  it  was  found  that  certain  bodies  kept  any  electrical 
excitement  isolated,  while  along  others  the  excitement  leaked  away 
to  the  earth,  or  would  pass  to  and  excite  other  isolated  bodies. 

When  a  body  showed  the  one  or  the  other  property  to  a 
marked  degree,  it  was  called  a  non-conductor  or  conductor  respect- 
ively. In  reality  all  bodies  are  to  a  greater  or  less  degree  con- 
ductors, as  in  the  case  of  heat,  but  non-conducting  properties  are 
more  strongly  marked  for  electricity  than  for  heat 

Experiment!. — (i. )  By  experiments  with  the  suspended  pit h^ball  we  find 
dry  silk,  glass  fibres,  threads  of  sealing-tuax,^!:.  to  be  non-cotidaelors  %  while 
damp  silk,  cotton  and  wire  are  conductors. 

(ii. )  Excite  an  ebonite  rod,  and  throw  over  it  threads  or  wires  of  various 
sorts  in  turn.  In  each  case  let  the  thread  or  wire,  as  it  hangs  from  the  excited 
rod,  come  into  contact  with  the  knob  of  a  gold-leaf  electroscope. 

The  'conducting'  threads  will  allow  a  charge  to  pass  to  the  gold-leaves 
from  the  rod,  and  the  leaves  will  remain  permanently  divergent. 
The  'non-conducting'  threads  will  not  allow  a  charge  to  pass. 


CH.  IT.      SIMPLER   PHENOMENA  OF   ELECTROSTATICS  45 

Note,  —  Table  of  some  bodies  remarkable  for  good  or  bad  conduction  respect - 

tveiy. 

Conductors,  Non-conductors, 


Metals. 

Well-burnt  charcoal. 
Graphite. 
Acids. 

Saline  solutions. 
Moist  bodies. 
Flame. 
.  Linen..     . 
Cotton. 


Ebonite. 

Resins,  shellac,  amber,  &c. 

Caoutchouc 

Dry  gases. 

Sulphur. 

Glass. 

Silk. 

Wax. 

Many  dry  bodies. 


§  6.  Electries  and  Kon-Electrios  (so-called).— If  various 
bodies  be  held  in  the  hand  and  rubbed  with  other  bodies,  some 
give  signs  of  excitement  and  some  do  not. 

This  rough  method  of  experiment  gave  rise  to  a  division  of 
all  bodies  into  electrics  (from  which  it  was  easy  to  obtain  electric 
phenomena),  and  non-electrics  (from  which  it  was  not). 

This  division  was  premature. 

It  was  soon  found  that  there  was  no  reason  for  supposing  but 
that  all  bodies  rubbed  together  gave  electric  phenomena  ;  at  least, 
if  they  were  not  absolutely  identical  in  material,  surface,  tempera- 
ture, &c.  But  conducting  bodies  allow  the  electrification  to  pass 
away  at  once,  while  non-conducting  do  not  Hence  electrics  and 
non-electrics  mean  non-conductors  and  conductors  respectively. 

Experiment, — A  brass  rod  held  in  the  hand  and  rubbed  with  silk  gives  no 
signs  of  excitement.  But,  if  fixed  at  the  end  of  an  insulating  ebonite  rod,  it 
will  now  remain  excited  after  the  rubbing. 

§  7.  Two  sorts  of  Electrification.— It  can  be  shown  that  there 
are  two  sorts  of  electrification  such  that  similarly  electrified  bodies 
repel  one  another,  and  dissimilarly  electrified  attract  one  another. 

The  reader  will  of  course  be  at  once  reminded  of  the  two 
polarities  in  magnetism. 

Experiments  {see  §  2,  note). — (i.)  Suspend  a  gilt  pith-ball  by  dry  silk 
thread.  Having  left  it  excited  and  repelled  by  an  ebonite  rod  rubbed  with 
flannel  or  catskin,  bring  up  to  it  a  glass  rod  rubbed  with  silk.  It  will  be 
attracted. 

Various  experiments  of  this  nature  may  be  tried. 

(ii.)  Let  a  gold-leaf  electroscope  be  charged.  Then  the  approach  of  the 
excited  ebonite  will  cause  the  leaves  to  diverge  or  converge  according  to  the 
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nature  of  the  charge  of  the  leaves..    Note  which  is  the  case,  and  then  tiy  f  i^c~L 
effect  on  the  leaves  of  the  approach  of  the  excited  glass  rod,   or  of 
excited  bodies  {see  end  of  note  to  §  4). 

V  iii. )  Make  a  simple  wire  frame  and  suspend  it  by  dry  silk,  so  that  exdfi 
roiis  may  easily  be  placed  in  it  and  hang  insulated. 

Excite  various  rods  and  try  their  action  on  each  other. 

Thus,  if  an  ebonite  rod  nibbed  with  flannel  be  so  hung,  and  another 
larly  rubbed  be  approached,  they  will  repel  each  other.     But  if  we  appro 
a  glass  rod  rubbeil  with  silk,  or  another  ebonite  rod  rubbed  with  silk  on  wl 
has  been  spread  some  electric  amalgam,  we  have  attraction.     (Such  electr 
amalgam  is  usually  an  amalgam  of  mercury  and  tin ;  this  is  reduced  to 
powder,  and  is  then  made  into  a  paste  with  lard. ) 

It  is  usual  to  call  '  +  '  that  electrification  that  we  get  ooK^ 
smooth  glass  rubbed  with  silk  ;  and  *  — '  that  which  we  get  oa 
ebonite  rubbed  with  flannel 

Sometimes  the  former  is  called  vi/reous,  and  the  latter  resinouSy 
electrification  (or  electricity). 

§  8.  The  two  sorts  of  Eleetrification  are  always  produced 
together. — Further  experiment  will  show  us  that  rubber  and 
rubbed  are  always  oppositely  electrified ;  and  that  this  simultaneous 
occurrence  is  the  only  thing  that  one  can,  without  previous  investi- 
gation, predict  for  certain  when  one  body  is  rubbed  with  another. 

Thus,  ebonite  may  be  made  either  -l-ly  or  — ly  excited; 
but  it  is  certain  that  in  either  case  the  rubber  will  be  oppositely 
excited 

Experiments  {see  §  2,  note). — (i.)  Charge  an  electroscope,  and  then  hold 
near  it  the  rubber  and  the  rubbed  in  turn.  The  leaves  will  always  divei^ 
more  in  the  one  case,  and  fall  together  somewhat  in  the  other  ;  showing  the 
rubber  and  rubbed  to  be  oppositely  electrified. 

(ii. )  In  the  simple  wire  frame,  mentioned  in  §  7,  hang  an  excited  rod.  It 
will  always  be  attracted  by  the  rubber  that  has  excited  it,  but  repelled  by 
another  similarly  excited  rod. 

The  following  pairs  of  substances  can  be  tried  as  rubber  and  rubbed. 

Ebonite  and  catskin,  ebonite  and  amalgamated  silk,  smooth  giass  and  silk, 
rough  glass  attd flantiel,  sealing-ivax  atid flannel,  sealing-wax  and  gun-cotton, 
gun-cotton  afui  cotton-wool,  flannel  and  silky  two  silk  hattdkerchiefs  of  different 
viakesy  brown  paper  and  india-rubber. 

It  is  found  that  we  can  arrange  bodies  in  a  certain  order,  in- 
variable under  ordinary  conditions,  such  that  when  two  of  the 
bodies  are  rubbed  together,  that  which  is  higher  on  the  list  be- 
comes +,  and  that  which  is  lower  becomes  — . 
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Such  a  list  is  here  given  ;  it  is  taken  from  Ganot 


Catskin. 

Flannel. 

Ivory. 

Rock-crystal. 

Glass. 

Cotton. 

Silk. 

Wood. 


Metals. 

Caoutchouc. 

Sealing-wax. 

Resin. 

Sulphur. 

Gutta-percha. 

Gun-cotton. 


Note, — It  is  sometimes  not  easy  to  obtain  signs  of  electrification  on  bodies, 
zs/lanne/,  gun-cotton,  &c.,  which  are  not  good  insulators.  In  such  cases  we 
may  fasten  them  to  the  ends  of  thin  ebonite  rods.  Thus,  if  we  so  fasten  a 
piece  of  gun-cotton  and  of  cotton-wool  to  the  ends  of  two  ebonite  rods,  and 
then  rub  them  together,  we  shall  find  them  to  be  strongly  excited  with  opposite 
electrifications ;  but  if  we  hold  the  two  in  the  hand  and  then  rub  them,  we 
shall  get  little  or  no  such  signs. 

§  9.  Equal  quantities  of  the  opposite  Electrifications  are 
always  produced  simnltaneonsly. — This  is  a  fact  of  great  and 
fundamental  significance ;  and  is  indissolubly  bound  up  with  the 
essentially  dual  nature  of  electrostatic  phenomena. 

In  every  case  of  electrical  excitement  there  is  a  separation  of 
a  state  of  equilibrium  into  what  may  be  expressively,  though  per- 
haps not  very  exactly,  termed  an  overbalance  and  an  underbalance 
respectively. 

What  *  +  and  —  electrifications '  mean  we  do  not  vet  know. 

m 

But  one  thing  at  least  is  certain ;  that  the  total  electrifications 
produced  in  any  way  from  a  state  of  neutrality  will,  if  collected 
together  on  one  conductor,  give  zero  electrification.  Or,  we  never 
have  any  +  or  —  electrification  produced  without  an  equal 
quantity  of  —  or  +  electrification  (respectively)  being  simul- 
taneously produced*  The  sense  in  which  the  word  *  equal'  is 
used  has  just  been  explained. 

Experitnents,  ~  (i. )  The  following  experiment  is  well-known. 

A  flannel  cap  is  made,  so  as  to  fit  on  to  the  end  of  an  ebonite  rod,  and  the 
whole  is  carefully  discharged  in  a  Bunsen's  flame.  Then,  by  means  of  a  long 
and  dry  silk  thread  attached  to  the  cap,  this  latter  is  twisted  round  upon  the 
rod. 

Still  it  will  be  found  that  the  whole  has  no  effect  upon  the  leaves  of  an 
electroscope. 

But  if  the  cap  be  drawn  off  the  rod,  still  insulated  by  means  of  the  silk 
thread,  it  will  be  found  that  the  two  are  oppositely  excited. 
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Here  then  we  have  opposite  electri6cations  produced,  whose  equality 
shown  by  the  fact  that  the  "U-'hoU  system  had  zero  action  on  the  electroscope. 

(ii. )  In  §  1 6  we  shall  see  that  when  a  charged  conductor  is  lowered  into  tl 
hollow  vessel  such  as  A,  one  that  is  nearly  closed  and  is  open  only  towards  die  j 
comparatively  remote  ceiling,  the  effect  upon  this  vessel  will  be  the  same  asi 
it  had  received  the  entire  charge  of  the  body.  This  will  be  the  case  whether  I 
the  charged  body  be  a  good  or  a  bad  conductor,  whether  it  touch  the  vesal ' 
or  hang  insulated  within  it. 

In  the  figure  we  have  such  an  insulated  vessel  A,  and  with  it  is  connected 
an  electroscope   £.     Hence,   in   all  cases  of  electrical  excitement  we  may 

introduce  the  rubber  and  rubbed  into 
the  vessel  A  simultaneously.  If  this 
be  done  with  the  rod  and  cap  of  the 
last  experiment,  it  will  be  found  that 
they  give  together  a  zero  action,  whik 
separately  they  cause  the  leaves  to 
diverge  equally  with  opposite  electrifi- 
cation. 

Notes, — (i.)  On  discharging  bodies. 
All  bodies  may  be  readily  discharged 
by  passing  them  through  the  flame  of  a 
Bunsen*s  burner.  The  completeness 
of  discharge  should  be  tested  by  their 
.  having  zero  action  on  an  electroscope. 
(ii. )  On  testing  t/te  charge  for  *  sign,^ 
Wlien  the  leaves  are  divergent  with 
any  charge,  a  rod  of  ebonite  excited 
with  flannel  may  be  approached.  If  the  leaves  diverge  still  more,  their 
charge  was  similar  to  thai  of  the  rod,  or  negative  ;  but  if  they  fall  together,  their 
charge  was  positive.  The  reason  for  this  will  be  explained  later  ;  that  it  is 
the  case  can  easily  be  proved  experimentally  by  the  student. 

§  lo.  The  'Fluid'  Theories  of  Electricity.— The  mobility  of 
electrification  (or  electricity),  its  ready  passage  along  conductors, 
and  certain  other  characteristics  early  suggested  the  name  electric 
fiuid.  But  the  absence  of  weight,  the  attractions  and  repulsions 
of  the  two  sorts  of  electrification,  and  other  phenomena,  such  as 
the  extraordinary  speed  of  movement,  arguing  absence  of  mass, 
all  show  us  that  if  we  are  to  hold  previous  ideas  associated  with 
the  y;ord  fluid  we  must  regard  the  term  *  electric  fluid '  merely  as 
a  rough  analogy,  if  indeed  it  should  be  used  at  all. 

Believing  that  too  little  is  known  as  to  the  nature  of  electrifi- 
cation, and  of  the  phenomena  of  electric  strains  and  movements, 
to  make  any  term  at  present  in  the  language  really  a  good  one,  we 
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ijjpall,  for  lack  of  better  terms,  speak  of  *  +  and  —  electrifications 

electricities,^ 

The  expressions  *  + '  and  *  — '  retain  their  algebraic  mean- 
Equal  and  opposite  electrifications,  when  imparted  to  the 
-same  conductor,  give  zero  electrification ;  while,  if  the  quantities 
be  unequal,  we  have  left  simply  the  balance  of  the  one  or  the 
other  as  the  case  may  be. 

When  it  is  assumed  that  there  are  two  fluids  possessing,  in  a 
sense  that  has  been  made  clear,  *  opposite '  properties,  we  are  said 
to  be  employing  the  two-fluid  theory  of  electricity. 

When  it  is  assumed  that  there  is  but  one  fluid  of  which  an 
excess  in  one  place  and  a  defect  in  another  give  rise  to  the 
phenomena  of  H-  and  —  electrical  charges  respectively,  we  are 
said  to  employ  the  one-fluid  theory.  The  reader  is  again  warned 
that  in  the  present  state  of  knowledge  it  is  unadvisable  to  lay 
much  stress  upon  either  view. 

§  II.  The  Three  Laws  of  Electrostatics.— With  respect  to  the 
attractions  and  repulsions  of  electrified  conductors,  it  is  found  that 
three  main  laws  hold.     These  are  as  follows. 

Law  I.  Like  electricities  repel,  and  unlike  attract,  one  another. 

This  means  that  if  two  bodies  are  charged  with  electrifications 
of  like  or  of  unlike  sign  respectively,  there  will  be  observed 
between  them  '  repulsion  '  or  *  attraction  '  respectively.  (We  here 
use  the  usual  terms  without  asserting  that  they  are  accurate.) 

§  1 2.  Law  II.  The  Force  varies  as  Q  x  Q'.— This  means  that 
if  we  have  two  quantities  of  electricity,  Q  and  Q'  respectively,  on 
two  conductors,  and  if  the  conditions  as  to  distance  remain  con- 
stant, then  the  force  in  dynes  that  exists  between  the  conductors  is 
proportional  to  Q  x  Q',  being  repulsive  if  the  algebraic  product 
be  4- ,  attractive  if  the  product  be  — . 

We  must  here  suppose  the  bodies  to  be  in  the  middle  of  a 
very  *  large '  room ;  and  the  conductors  should  be  two  *  small  * 
spheres,  so  that  we  may  consider  the  distance  between  Q  and  Q' 
to  be  the  distance  between  the  centres  of  these  spheres. 

Note. — The  word  large  means  very  great  compared  with  the  distance 
between  the  spheres ;  the  word  smail  means  very  small  compared  with  the 
same. 

Measurement  of  Quantity  ;  unit  Quantity. — It  was  said  that 
in  magnetism  {see  Chapter  III.  §  4)  we  had  no  independent  law 
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that  force  varied  as  /l*  /*',  since  we  measured  the  product  ^  /*'  byl 
force,  and  would  be  arguing  in  a  circle  if  we  made  of  this 
independent  law. 

In  electricity  the  case  is  somewhat  different.     We  do  inc 
define  unit  quantity  as  that  which  at  unit  distance  from  an 
similar  quantity  repels  it  with  unit  force^  thus  measuring  our 
by  force.     But  we  can  find  multiples  or  submultiples  of  this  uiA^ 
without  reference  to  force. 

Thus  we  can  empty  a  series  of  bodies,  each  carrying  unit^ 
charge,  into  an  insulated  hollow  body  ;  the  charge  will  go  whoUy 
to  the  outside  surface,  thus  charging  one  and  the  same  surface 
with  any  number  of  units  desired. 

Or  again,  we  can  charge  a  sphere  with  unit  quantity,  and  then, 
hanging  it  in  the  middle  of  a  large  room,  bring  into  contact  with  it 
one,  two,  three,  &c.,  exactly  similar  spheres. 

Theory  and  experiment  will  show  that  the  unit  is  subdivided 
into  i,  ^,  ^,  &c.,  provided  that  the  spheres  are  arranged  with  perfect 
symmetry. 

(i.)  Proof  of  Laiu  II.  by  torsion   balance,— ^<t^^u\n^  to  the 
figure  of  the  torsion  balance  we  have  to  imagine  only  the  follow- 
ing modifications. 

Instead  of  the  needle  we  have  a 
light  arm  of  stra  v,  A  B,  carrying  a 
small  gilt  sphere  at  each  end. 

When  the  straw  arm  is  at  zero  each 
of  these  equal  spheres  rests  against 
another  equal  sphere  at  C  and  D,  these 
latter  being  connected  with  each  other, 
but  otherwise  insulated.  This  arrange- 
ment of  two  spheres  &:c.  is  to  insure 
its  being  a  true  couple  that  acts  on 
the  needle,  k  like  arrangement  would 
have  been  desirable  in  magnetism,  but  we  could  not  have  found 
two  exactly  equal  poles  to  act  on  the  two  poles  of  the  needle, 
whereas  we  can  readily  get  equal  quantities  of  electricity  on  the 
gilt  balls.  If  C  is  now  charged,  the  charge  will  be  shared  by  all 
four  balls  alike  if  they  have  been  made  accurately  equal  spheres, 
and  the  arm  A  B  will  be  deflected.  We  bring  it  back  by  torsion 
to  some  conveniently  small  angle,  and  measure  the  total  angle  of 
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Tsion  {see  Chapter  III.  §  2),  and  so  the  torsion  couple.  We 
•^^ay  suppose  that  we  have  a  sphere  S,  charged,  so  large  that  the 
'  Quantity  on  it  is  not  appreciably  altered  by  several  times  charging 
P'^e  torsion  balance  from  it.  Let  us  charge  the  balls  of  the  torsion 
■  %dance  from  the  sphere  S,,  and  measure  the  torsion  as  above. 
*Then  discharge  the  whole. 

Next  make  S,  share  its  charge  with  an  equal  sphere  S2,  and 
charge  the  balls  again  from  either  Sj  or  S2. 

A  little  thought,  and  reference  to  the  assumption  as  to  the  size 
of  Si  made  above,  will  show  us  that  each  ball  now  has  one-half  the 
charge  that  it  had  before.  We  shall  now  find  that  for  the  same 
deflexion  the  torsion  couple  required  to  balance  the  electric 
couple  is  one-quarter  what  it  was  before  ;  that  is,  the  force  between 
the  balls  is  one-quarter  the  former  force. 

Now  since  the  quantity  on  each  ball  is  one-half  what  it  was,  this 
result  confirms  the  law  that  *  the  force  varies  as  Q  x  Q'. 

§  13.  Law  m.    The  Force  vaxies  as  -   .—The  meaning  of 

this  law  has  been  already  explained  in  Chapter  IIL 

In  order  to  test  this  law  by  direct  experiment  it  is  clear  that 
we  must  deal  with  charged  spheres  of  very  small  size  as  compared 
with  the  distance  between  them.  Otherwise,  we  could  not  assign 
a  distinct  meaning  to  the  distance  r  between  the  two  quantities  of 
electricity. 

All  direct  experiment  is  only  approximate,  and  serves  to  con- 
firm a  law  for  which  there  is  much  indirect  evidence. 

The  law  theoretically  refers  to  quantities  of  electricity  collected 
^\.pointSy  just  as  do  the  corresponding  laws  in  magnetism  and  in 
gravitation.     This  gives  a  definite  meaning  to  r. 

Assuming  that  our  methods  of  experiment  and  of  reasoninc; 
have  proved  the  law,  the  integral  calculus  enables  us  to  deal  with 
the  action  on  each  other  of  conductors  on  which  there  is  a 
known  distribution. 

(i.)  Torsion  balance  method, — If  the  student  will  read  Chapter 

III.  §  5,  and  has  learnt  the  modifications  in  the  torsion  balance 

required  for  electricity  as  given  in  the  last  section,  he  will  need  no 

further  explanation  of  this  method. 

(ii.)  Indirect^  but  exacts  proof, — One  of  the  easiest  matters  to 

£  2 


52 


ELECTRICITY 


cs. 


prove  experimentally  is  that  if  a  hollow  vessel  A  B  be  charge 
there  is  no  force  due  to  this  charge  acting  on  a  sniall  charge  P  in 

side  ;  or  there  is  no  field  of  electrical  jo 
inside  a  hollow^  charged^  conductor. 

Faraday  constructed  a  sntiall  insulated^ 
room.  He  went  inside  it  with  deUcaie^ 
electroscopic  apparatus,  and  then  the 
whole  was  highly  charged.  No  electric 
field  inside,  due  to  this  charge,  could  be 
detected. 

Now  it  can  be  proved  mathematically 

that  no  possible  law  of  force  between  the 

small  charge  P  and  the  dififerent  portions  of  electricity  on  the 

vessel  A  B,  except  the  law  of  inverse  squares,  could  account  for 

this  resultant  zero  force  on  P. 

Formula  expressing  the  three  laws* — We  can  express  all  the 
three  laws  by  the  one  formula 

^ — ^ 

Here  we  pay  proper  attention  to  the  *rule  of  signs'  in  the  pro- 
duct Q  X  Q',  and  consider  the  force  to  be  repulsive  if  the  product 
is  H-,  attractive  if  the  product  is  — .  The  force  F  is  in  dynes  if  r 
is  measured  in  centimetres^  and  if  Q  and  Q'  are  measured  in  the 
absolute  units  given  in  §  1 2. 

§  14.  First  Ideas  as  to  Induction. — As  stated  in  §  i,  we  shall 
at  present  use  the  somewhat  unscientific  *  two-fluid '  language  in 
this  first  sketch  of  the  main  phenomena  of  electrostatics. 

Instruments  used, — The  gold-leaf  electroscope  has  already  been 
described.     The  insulated  conductors  need  no  comment. 

But  iht  proof  plane  needs  some  explanation.  It  consists  of  a 
small  metal  (or  gilt  paper)  disc  at  the  end  of  a  thin  insulating  rod. 
The  theory  of  its  use  involves  the  following  considerations.  We 
shall  see  that  electric  charges  reside  only  on  the  surfaces  of  con- 
ductors. Consequently,  if  the  small  disc  of  the  proof-plane  be 
applied  to  a  conductor  so  as  for  the  time  to  form  part  of  its 
surface,  the  electricity  that  was  on  the  portion  of  the  conductor 
covered  by  the  disc  will  now  be  found  on  the  disc.  When  the 
proof- plane  is  removed  (care  being  taken  to  remove  it  so  that 
'^*ery   part  of   it  leaves  the  conductor  at  one  and  the  same 
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^^f  moment)  the  charge  that  it  carries  away  can  be  taken  as  a  sample 

^  ■  both  in  sign,  and  in  degree  of  concentration,  of  the  charge  existing 

on  that   part  of  the  conductor  to  which   the  proof-plane  was 

;  applied. 

^^       The   main  facts  of  induction  will   be  understood  from  the 

experiments  that  follow,  and  the  figures  represent  roughly  to  the 

^  eye  the  condition  of  things  in  each  case. 

/        Note. — Insulating  stands, — A  very  good,  but  somewhat  expensive,  form  of 
insulating  stand  is  that  due  to    Professor   Clifton.     It   can   be  obtained   at 

'  Powell's  glass-works,  or  through  electrical  instrument  makers.  Professor 
S.  P.  Thompson  has  devised  a  simple  and  very  effective  form,  that  can  be  made 
in  any  laboratory.  A  description  of  it  may  be  seen  in  Nature^  vol.  xxix. 
page  385. 

Well-polished  ebonite  rods  are  also  good,  but  in  delicate  experiments  care 
must  be  taken  to  discharge  them  frequently  in  a  Bunsen's  flame.  They  may 
be  cleaned  with  paraffin  oil,  this  latter  having  been  rendered  anhydrous  by 
means  of  a  few  lumps  of  sodium  kept  in  the  bottle. 

Experiments, — (i.)  A  B  is  a  large  rod  of  ebonite  excited  with  catskin  and 
placed  in  a  stand.     C  D  is  an  insulated  cylinder,  previously  discharged,  placed 


■- 


B 


Fig.  i. 


near  A  B.  It  will  be  found  that  the  state  of  equilibrium  of  C  D  is  altered. 
^'Tiereas  it  was  totally  uncharged,  we  now  find  on  it  a  distribution  somewhat 
as  given  below. 

Appljdng  the  proof-plane  to  different  parts  on  its  surface  in  succession,  and 
converging  the  charges  so  obtained  to  an  electroscope,  we  can  show  that 
the  end  C  opposite  to  the  —  charged  A  B  is  strongly  +  charged.  The 
charge  is  feebler  as  we  approach  the  centre  of  the  cylinder ;  about  the  centre 
there  wiil  be  a  region  where  no  charge  is  to  be  detected  ;  while,  as  we  approach 
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the  end  D,  we  find  a  stronger  and  stronger  —  charge.     The  proof-plane  must 
be  discharged  in  a  Bunsen's  flame  between  each  two  trials. 

Note, — When  the  charge  has  been  conveyed  to  the  gold-leaf  electroscope 
by  the  proof-plane,  its  strength  can  l)e  roughly  seen  by  observing  the  amount 
of  divergence  of  the  leaves,  while  its  sign  can  be  recogmsed  by  the  approach 
of  an  excited  ebonite  rod. 

(ii. )  While  the  conductor  C  D  is  in  the  presence  of  the  charged  body  A  B, 
let  us  touch  C  D  at  any  point.  This  will  connect  it  with,  and  so  make  it  form 
part  of,  the  earth. 

We  shall  find  that  all  the  *  repelled  *  -  electricity  *  goes  to  earth,'  leaving 
the  body  charged  + .  . 

A 


+    .H.  ^  4  -F  4  ^■■♦'A-^f  V^^t-*-^ 


B 


Fig.  ii. 


We  should  have  expected  this,  since  the  portions  of  the  earth  near  A  B 
would  probably,  judging  from  experiment  (i.),  be  +ly  charged,  while  the  — 
would  go  as  far  away  from  A  B  as  possible.     But  still  it  seems  at  first  a  little 

surprising  that  the  —  charge   should 
escape  as  readily  if  we  touch  the  end  C 
^^^^^^■■^^^■■B^^         {||l|  as  if  we  touch  the  end  D.    This  will  be 
^^^^  ^^^^^^^^^^^^^  il   explained  in  Chapter  V.  §  6  (d^).    Here 

I  II   ^'^  "^^y  ^"^y  ^^3^  ^^^  ^^  presence  of 

I  11   ^^  "*"  ^^  ^^  ^"^  ^  renders  it  as  easy 

I  B  I   ^"^^  ^^^  ~   ^^   P^^   ^^  earth  by  the 

I  I  jl   route  near  A  B  as  by  the  other  route. 

I  ■  IJH  (iii.)   The  divided  cylinders, — We 

Fig.  iii.  may    construct   our   cylinder   of  two 

halves  separately  insulated. 
If  we  allow  the  whole,  when  forming  one  cylinder,  to  be  acted  upon  induc- 
tively as  in  fig.  i.,  and  then  separate  the  two  halves,  we  shall  find  the  half 
nearer  A  B  to  be  -fly  charged,  the  half  further  from  A  B  to  be  —  ly  charged. 
(iv.)  Charging  the  gold-leaf  electroscope  by  induction, — The  second  experi- 
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'Jaent  shows  us  how  we  may  charge  a  conductor  by  induction  ;  and  this  method 
>s  almost  invariably  employed  when  we  desire  to  charge  the  gold-leaf  electro- 
scope. 

An  excited  rod  is  held  near  the  knob  of  the  electroscope,  so  that  the  leaves 
diverge  with  a  charge  of  a  similar  sign  to  that  of  the  rod.  We  then  discharge 
the  electroscope  of  this  *  repelled  '  electricity  by  touching  the  knob,  so  that  the 
leaves  again  collapse.  If  we  remove  the  hand  and  then  withdraw  the  excited 
rod,  the  leaves  will  diverge  with  a  charge  whose  sign  is  opposite  to  that  of  the 
inducing  rod. 

§  15.  First  Ideas  as  to  Distribution.— In  considering  the  dis- 
tribution of  an  electric  charge  on  a  conductor,  we  assume  that  we 
are  dealing  with  simple  continuous  conductors^  or  those  in  which 
all  the  parts  are  connected  by  conducting  matter.  Such  cases  as 
that  of  an  insulated  ball  hung  inside  a  vessel  will  be  considered 
later  under  the  head  of  condensers.  They  are  cases  of  systems  of 
conductors  and  not  of  simple  conductors. 

We  shall  find  the  following  general  facts  to  hold,  it  being  taken 
for  granted  that,  unless  the  contrary  is  stated,  the  conductor  in 
question  is  in  the  middle  of  a  large  room  {see  §11,  note). 

(i.)  The  charge  is  on  the  surface  of  the  body  only.  In  the 
case  of  closed,  or  nearly  closed,  hollow  conductors,  the  charge  will 
in  general  be  on  the  outside  surface  only. 

(il)  The  distribution  depends  upon  the  shape  of  the  body. 
The  density  of  charge  is  greatest  on  all  salient  points  ;  all  project- 
ing corners,  or  prominent  regions  of  great  curvature,  having  a  far 
greater  density  than  have  the  other  regions. 

We  here  give  some  facts  with  respect  to  the  distribution  on 
bodies  of  certain  forms. 

Note.  — By  density  of  charge  we  mean  qtiantity  of  electricity  pir  unit  area. 
We  shall  say  more  concerning  this  in  Chapter  X. 

On  a  sphere  the  distribution  is  uniform. 

On  a  ellipsoid  of  revolution  the  densities  of  the  charges  at  the 
extremities  of  the  axes  are  proportional  to  the  lengths  of  the 

axes. 

On  a  cube  Riess  found  that  the  density  at  the  middle  points 
of  the  edges  is  about  two  and  a  half  times  as  great  as  at  the 
middle  of  a  face,  while  at  the  corners  it  is  more  than  four  times  as 

great. 

On  a  circular  disc  the  density  is  greatest  round  the  edge.     As 
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we  move  from  the  edge  the  density  falls  off  rapidly,  and  for  a  con- 
siderable region  near  the  centre  of  either:  face  of  the  disc  the 
density  is  nearly  uniform. 

More  exactly,  Coulomb  found  the  following  distribution  on  a  disc  of 
lo  inches  diameter. 


I 


/At  the  centre 

•                • 

.   the  density  was 

I -000 

I  inch  from  the  centre 

I '001 

2  inches 

» 

1005 

3  inches 

M 

1-170 

^  inches 

» 

•  " 

1-520 

4'5  inches 

» 

2-07 

\5  inches,  or  at 

the  edge 

2-90 

On  a  cylinder  of  an  elongated  form  the  density  is  much  greater 
at  the  ends  than  at  the  middle. 

In  the  case  of  a  cylinder  of  circular  section  whose  diameter  was 
2  inches,  length  30  inches,  and  whose  ends  were  hemispherical,  Cou- 
lomb obtained  the  following  results. 

At  the  middle    .        .  .  the  density  was  i  -00 

2  inches  from  the  ends  .               „  1-25 

I  inch  from  the  ends  .               „  i-8o 

At  the  ends               .  .               „  2-30 

It  is  to  be  noticed  that  this  is  somewhat  the  form  given  usually  to 
the  *  prime-conductors '  of  electrical  machines. 

On  a  cone  the  density  is  greatest  at  the  apex. 

When  the  cone  is  of  a  very  small  angle,  and  the  point  is  very 
sharp — a  common  needle  is  an  extreme  case  of  this  kind — the 
density  at  the  point  becomes  very  great  indeed.  As  a  consequence 
of  this,  though  why  it  is  a  consequence  it  is  not  so  easy  to  explain 
as  would  at  first  sight  appear,  the  air  no  longer  serves  to  separate 
the  charge  residing  on  the  point  from  the  charge  induced  upon 
the  walls  or  other  surroundings.  It  is  found  that  a  stream  of 
electrified  air  proceeds  from  the  point  towards  the  induced  charge 
of  opposite  sign  that  exists  on  the  walls,  &:c. ;  and  the  conductor 
is  thus  discharged.  Thus  a  sharp  projecting  point  will  almost 
completely  discharge  any  conductor  to  which  it  is  fixed.  In  a 
similar  manner,  but  by  inductive  action,  an  earth-connected 
pomted  conductor  will  nearly  discharge  a  charged  body,  towards 
which  it  is  presented  ;  for  there  will  proceed  from  the  point  to  the 
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body  a  stream  of  air  charged  with  the  electricity  of  opposite  sign 
that  is  induced  on  the  point  by  the  charged  body. 

If  there  be  a  sharp  point  inside  a  closed  or  nearly  closed 
vessel,  there  will  be  no  charge  upon  it,  and  hence  the  above 
action  will  not  occur.  Let  us,  for  example,  take  a  tin  vessel  (such 
as  a  common  pint  measure),  and  let  us  fix  inside  it  a  needle,  solder- 
ing it  in  an  upright  position  to  the  bottom  of  the  vessel.  If  the 
needle's  point  be  well  within  the  vessel,  we  may  charge  this  latter, 
and  shall  find  that  the  needle  does  not  discharge  it.  But  if 
the  needle  be  long  enough  to  rise  out  of  the  vessel,  it  will  dis- 
charge it 

Experiments, — (i.)  By  the  help  of  a  proof  plane  we  can  verify  the  above 
statements  as  to  the  general  character  of  the  distribution  on  insulated  con- 
ductors of  various  shapes. 

(ii. )  Insulate  a  somewhat  deep  and  narrow  pail,  and  charge  it.  Examining 
it  with  the  proof-plane  we  shall  find  that  approximately  all  the  charge  is  on  the 
outside  surface.  (As  the  vessel  is  not  quite  closed  there  will  be  some  charge 
on  the  inside  surface,  especially  near  the  mouth  of  the  vessel.) 

This  is  approximately  true  even  of  a  cylinder  of  wire  gauze,  or  a  butterfly- 
net.  A  well-known  bit  of  apparatus  is  *  Faraday's  net ' ;  it  was  used  to  show 
the  above. 

(iii. )  Connect  a  small  insulated  pail  with  the  electroscope,  having  placed 
in  the  pail  a  quantity  of  brass  chain  to  whose  end  is  attached  a  silk  thread. 
Now  charge  the  pail,  and  note  the  extent  of  divergence  of  the  leaves.  Next 
raise  a  considerable  length  of  chain  into  the  air  by  means  of  the  silk  thread, 
leaving  the  lower  end  in  the  pail.  The  leaves  will  fall  somewhat,  showing 
the  charge  to  be  less  concentrated  than  it  was.  Here  we  have  increased  the 
external  surface  of  the  whole  conductor  without  changing  its  mass ;  and  the 
result  shows  that  the  charge  has  spread. 

§  1 6.  Faraday's  Ice-pail;  illustrating  the  Laws  of  Distri- 
bution and  of  Induction. — The  experiments  that  follow  illustrate 
to  some  extent  the  laws  of  distribution.  But  their  chief  value  is 
that  they  throw  much  light  on  Induction, 

We  shall  find  that,  among  other  things,  the  following  facts  are 
true. 

{a)  Every  charge  induces  on  surrounding  surfaces  a  charge  equal 
to  its  07vn  in  magnitude,  but  of  opposite  sign.  If  some  of  the 
surroundings  be  nearer  to  the  charged  body  than  are  others,  then 
the  greater  part  of  this  induced  charge  will  in  general  be  on  the 
former. 

(p)  A    partly  closed  hollow  conductor  ceases    to  act  as  if 
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entirely  closed  when  there  is  introduced  into  it  (though  not  in  con- 
tact with  it)  a  conductor  connected  with  the  earth.  The  opening 
in  the  vessel  now  becomes  of  great  importance ;  for  we  have 
introduced  an  earth-connected  conductor.  The  whole  surface  of 
the  vessel,  inside  as  well  as  outside,  is  now  opposite  to  part  of  the 
earth  ;  and  the  charge  will  be  distributed  over  the  whole  surface.. 
Referring  to  the  statement,  which  is  in  general  true,  that  *  When  a 
hollow  conductor  is  charged,  the  charge  resides  upon  the  outside 
surface  only,'  we  must  in  the  present  case  consider  that  the  only- 
true  inside  is  the  interior  of  the  mass  of  the  metal  This  case 
will  be  examined  in  experiment  (vi.)  below.  . 

(c)  The  manner  in  which  a  charge  distributes  itself  upon  the 
outside  surface  of  a  hollow  conductor  is  quite  independent  of  the 
positions  of  charged  or  uncharged  bodies  situated  entirely  within 
the  vessel.  It  depends  solely  upon  the  form  of  the  conductor, 
and  the  situation  ana  nature  of  surrounding  bodies. 

This  is  a  particular  case  of  the  general  fact  that  a  conductor 
acts  as  a  screen  between  two  electrified  systems  i^see  Chapter  X. 

§17(3)). 

Apparatus  used, — We  use  a  tall  narrow  ice-pail  placed  on  an  insu- 
lating stand,  and  connected  with  an  electroscope ;  also  a  brass  ball, 
hung  from  a  silk  thread,  to  which  a  charge  can  be  given  from  a  small 
electrophorus  {see  §  17).  The  ball  is  kept  insulated  unless  the  con- 
trary is  stated. 

Experiments, — (i.)  We  can  show  that  the  ball  is  totally  discharged  if 
allowed  to  touch  the  inside  of  the  pail,  while  if  allowed  to  touch  the  outside  it 
only  shares  its  charge  with  the  pail.     {See  figure  to  §  9,  experiment  (ii.  ))• 

(ii.)  Charge  the  ball  -f  and  lower  it  insulated  into  the  pail.  The  leaves 
diverge  with  a  4-  charge  repelled.  Now  let  the  ball  touch  the  pail  so  as  to 
l)e  totally  discharged.  The  leaves  do  not  stir.  This  shows  that  the  -f  charge 
repelled  by  induction  equals  in  amount  the  inducing  -f  charge  on  the  ball. 
Hence  also  the  induced  —  charge  on  the  inside  of  the  pail  must  be  equal  to 
the  inducing  +  charge,  since  the  pail  as  a  whole  has  zero  charge. 

(iii.)  While  the  ball  hangs  inside  insulated,  touch  the  pail  outside  with  the 
finger.  The  leaves  collapse,  the  repelled  4-  charge  having  been  removed. 
Now  re-insulate  the  pail  and  remove  the  ball,  when  the  leaves  will  diverge 
just  as  much  as  before,  but  with  a  -  charge.  This  illustrates  the  above  equality 
of  inducing  -f ,  and  induced  — ,  charges  respectively. 

(iv. )  Or  again,  as  follows.  Remove  the  repelled  +  charge,  as  in  (iii. ),  and 
again  insulate  the  pail.  Then  allow  the  ball  to  touch  the  pail.  We  get  zero 
charge,  showing  that  the  inducing  -h  and  induced  -  have  just  cancelled  each 
other. 
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can  be  shown  by  careful  experiment  with  a  proof-plane  and  a  very 
ectrometer  that  {a)  the  —  distribution,  induced  inside,  moves  alx)ut 
2  the  ball ;  (^)  while  the  repelled  +  outside  is  independent  of  the 
the  ball  when  this  is  once  well  inside  the  vessel, 
harge  the  pail  and  lower  into  it  the  insulated  ball  uncharged.     No 
the  gold -leaves  is  observed.     Now  connect  the  ball  with  earth  while 
sd  from  the  pail.     The  leaves  drop  a  little,  showing  that  part  of  the 
>  (as  can  be  directly  proved  with  a  proof-plane)  gone  to  what  we 
rto  called  the  inside  of  the  pail,  but  what  is  now  a  part  of  the  pail's 
josite  to  the  earth.     The  charge  on  the  pail  induces  on  the  walls, 
or,  ami  ball  (all  of  which  are  portions  of  the  earth)  a  charge  equal 
ite  to  its  own,  and  a  portion  of  this  is  now  on  the  ball. 
Drtion  can  be  isolated  by  again  insulating  the  ball  and  removing  it 
ail. 
,Ve  may  hang  several  pails,  insulated  from  each  other,  one  inside  the 

ments  similar  to  the  above  may  be  tried.    It  will  be  a  useful  exercise 
lent  to  puzzle  out  for  himself  what  will  happen  in  each  case,  remeni- 
two  principles  that — 

:harge  induces  an  equal  and  opposite  charge  on  surroundings, 
ch  pail  serves  as  a  *  screen '  {see  Chapter  X.  §  17)  between  the  charge 
r  surface  and  any  charge  inside  it. 

.  Electrophorus. — We  shall  here  describe,  in  an  elemen- 
ner,  a  simple  contrivance  for  obtaining  charges  of  elec- 
'  induction. 

is  a  circular  cake  of  resin, 
ite,  or  any  of  the  good 
'  compounds  that  can  be 
J  melting  together  various 
;  ie.g,  the  following  sub- 
may  be  melted  together  in 
Drtions  by  weight  here  given: 
hellac,  5  parts  gum  mastic, 

Venetian   turpentine,   and 
arine  g^ue.     This  recipe  is 

Professor  Guthrie), 
is  fixed  in  a  shallow  pan  C  D, 
tinned  iron  or  other  metal, 
s  a  circular  disc  of  brass  or  tinned  iron  of  smaller  diameter 
I  cake,  having  well-rounded  edges,  and  being  provided 
nob  F.     This  is  fixed  on  to  an  insulating  handle  I. 
se  the  instrument  we  proceed  as  follows. 


/: 
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(i.)  The  upper  surface  of  A  B  is  strongly  excited  by  catskin,! 
and  acquires  a  strong  —  charge.  This  induces  on  surrounding' 
objects  an  equal  +  charge.  Now  while  E  F  and  other  bodies  arc 
remote  from  A  B,  nearly  the  whole  of  this  induced  4-  charge 
will  be  on  the  *  sole '  C  D  ;  a  repelled  —  charge  passing  away  from 
the  sole  to  earth. 

The  presence  of  C  D  helps  to  keep  the  upper  surface  of  AB 
from  getting  gradually  discharged. 

(ii.)  When  E  F  is  lowered  on  to  the  cake  A  B  it  is  found  that  it 
behaves  as  if  very  close  to  A  B  but  not  in  contact  with  it  In  fact, 
the  plate  rests  upon  a  few  projections  of  the  badly-conducting 
cake,  and  so  is  acted  on  inductively  only. 

(iii.)  The  repelled  —  charge  can  be  removed  from  E  F  by 
touching  the  knob  F  ;  and  there  remains  on  E  F  a  ■+-  charge 
opposite  to  the  —  charge  on  A  B .  In  this  position  of  things,  the 
plate  E  F  being  so  much  nearer  to  the  excited  surface  than  is  the 
*  sole  '  C  D,  we  have  on  E  F  nearly  all  the  induced  +  charge  ;  the 
sole  C  D  returning  to  a  nearly  neutral  state  by  what  may  be  de- 
scribed either  as  +  electricity  passing  from  C  D  to  earth,  or  as 
—  electricity  returning  to  C  D  from  the  earth. 

(iv.)  The  plate  E  F  can  now  be  moved  by  its  insulating  handle, 
and  its  H-  charge  utilised.  By  the  time  that  E  F  is  again  remote  from 
A  B,  the  *  sole '  has  returned  to  the  condition  in  which  it  was  in  (L). 

The  reader  should  draw  for  himself  figures  representing  the 
condition  of  the  charges,  &c.,  in  all  these  stages  of  the  use  of  th« 
electrophorus. 

Experiment, — By  the  use  of  a  substantial  insulating  stand,  on  which  the 
electrophorus  is  placed  before  excitement,  the  changes  in  the  condition  of  the 
sole,  &c.,  as  given  above,  can  be  easily  demonstrated.  A  proof-plane  of  large 
size  will  carry  off  enough  of  the  charges  to  affect  inductively  a  previously 
charged  electroscope.  The  fact  that  in  (i. )  —  electricity  would  pass  from  the 
sole  to  earth,  in  (ii.)  and  (iii.)  4-  electricity  would  do  so,  and  in  (iv.)  again  - 
electricity  would  pass  away all  this  can  be  shown  well. 

Of  course  we  must  put  the  sole  to  earth  at  the  stages  (i.),  (iii.),  and  (iv.), 
after  showing  what  nature  of  charge  is  ready  to  pass  away, 

§  1 8.  Friotional  Electric  Machines. 

I.  The  glass  cylinder  machine. — The  principle  of  frictional 
electrical  machines  is  best  understood  from  a  description  of  one 
of  the  simpler  forms.     As  seen  in  the  figure  the  essential  parts  are 
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as  follows.  A  glass  cylinder  rotates  on  a  horizontal  axis.  This  is 
pressed  on  one  side  by  a  rubber  made  of  leather  stuffed  with 
horsehair  and  faced  with  silk  ;  on  the  surface  of  the  silk  is  spread 
a  coating  of  '  electric  amalgam '  made  plastic  by  mixing  it  in  a 


powdered  form  with  lard.  A  silk  flap  passes  over  the  cylinder 
from  the  rubber,  descending  on  the  other  side  to  nearly  half-way 
down. 

The  rubber  can  be  insulated  when  required.  On  the  other 
side  to  the  rubber,  a  lai^e  insulated  conductor  presents  a  row  of 
fine  points  to  the  cylinder.  These  points  nearly  touch  the  glass, 
and  are  just  below  the  lower  edge  of  the  silk  flap. 

Excepting  for  these  points,  the  insulated  conductor  is  well 
rounded  off. 

When  we  turn  the  cylinder,  the  surface  of  the  glass  acquires  a 
+  charge,  while  the  rubber  acquires  an  equal  —  charge. 

The  +ly  excited  glass,  its  charge  kept  from  leakage  by  the 
flap  of  silk,  next  comes  opposite  to  the  conductor  with  its  row  of 
sharp  points.  On  the  conductor  it  acts  inductively,  re|>elling  + 
and  attracting  —  charge.  This  —  electricity  is  discharged,  by  con- 
vection currents  of  charged  air,  from  the  points  on  to  the  glass  ; 
so  that  this  latter  p>asses  on  in  its  original  unexcited  condition. 
The  +  charge  is  left  on  the  prime  conductor,  to  be  utilised. 

Use  of  putting  the  rubber  to  earth.-r^t  have  seen  that  the 
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glass  surface  returns  to  the  rubber  in  a  neutral,  or  nearly  neutral 
condition.  But  the  rubber  was  left  charged  — .  Hence,  if  the 
original  separation  of  +  or  —  were  to  go  on,  then  after  some  turn 
the  rubber  would  become  highly  —  charged,  and  the  tendency  to 
part  with  some  of  its  —  charge  to  the  glass  would  at  some  pointbf 
the  process  at  last  balance  the  tendency  to  excite  the  glass  +);. 
Things  would  come  to  a  standstill 


But  if  we  put  the  rubber  to  earth  we  shall  get  the  initial  con 
dition  of  the  rubber  maintained  by  a  steady  passage  of  —  electricit 
to  earth.  Later  on  we  shall  treat  of  this  matter  from  a  foientte, 
point  of  view. 

So,  if  the  prime  conductor  be  put  to  earth,  we  can  use  th 
rubber  as  a  souice  of  —  electricity.     If  the  rubber  and  conductc 
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both  be  insulated,  but  they  be  nearly  connected  by  conducting 
I'ods,  when  we  turn  the  cylinder  we  shall  see  a  series  of  sparks 
bridge  over  the  gap  left ;  the  +  charge  of  the  conductor  and  the 
—  charge  of  the  rubber  continually  neutralising  each  other. 

II.  The  common  plate  machine. — In  this  there  is  nothing  es- 
sentially different  from  the  cylinder  machine.  A  glance  at  the 
figure  will  explain  all. 

There  are  generally  two  rubbers  ;  and  in  this  form  of  machine 
they  cannot  well  be  insulated  if  required  ;  so  the  machine  cannot 
be  used  as  a  source  of  both  +  and  —  electricity.  Instead  of  glass, 
ebonite  plates  may  b6  used,  the  rubbers  being  of  amalgamated 
silk. 

Note,  —With  ebonite  two  precautions  must  be  taken  ;  {a)  never  to  heat  the 
plate,  only  to  warm  it  gently  ;  {b)  after  use  to  clean  the  plate  with  paraffin  oil 
from  which  all  water  has  been  removed  by  the  introduction  of  a  lump  or  two 
of  sodium  into  the  bottle. 

III.  Winter's  plate  machine, — In  this  the  rubber  and  the  points 
of  the  prime  conductor  are  more  widely  separated  ;  and  the  prime 
conductor  can  therefore  acquire  a  higher  level  (or  potential)  of 
charge  without  discharge  over  the  glass  to  the  rubber.  The 
rubber  can  be  insulated  or  not,  as  required.  A  curious  feature  is 
an  addition  to  the  prime  conductor  in  the  shape  of  a  large  ring  of 
brass  enclosed  in  baked  wood.  This  ring 
mcreases  the  *  capacity '  {see  Chapter  V. 
§  4  &c.)  of  the  prime  conductor. 

The  machine  gives  very  long  sparks 
for  its  size,  as  compared  with  an  ordi- 
nary plate  machine. 

§  19.  Miscellaneous  Experiments 
with  the  Eleetrical  Machine. 

Experiments,  —  (i. )  Illustrating  the  action  of 
points, — Besides  the  simple  experiment  con- 
sisting in  discharging  the  conductor  either  by 
presenting  to  it  an  earth-connected  point,  or 
by  fixing  the  point  on  to  it,  experiments  can 
be  easily  performed  in  which  the  rush  of  elec- 
trified air  from  the  points  is  made  use  of.  We  may  blow  out  a  candle  by 
presenting  it  to  the  point. 

Or  again,  we  may  by  means  of  the  *  electric  vane,'  shown  in  the  figure, 
make  evident  the  repulsion  between  the  charged  particles  of  air  and  the  points 
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whence  they  derive  their  charge.    The  air  will  stream  one  way,  the  van 
in  a  contrary  sense. 

(ii.)  The  insulating  stool. — A  person  standing  on  a  stool  supported 
legs  can  be  electrified  by  his  placing  the  hand  on  the  prime  conductc 
the  machine  is  worked.    He  can  then  *  give  sparks '  to  other  {>ersons,  li 
with  sparks,  &c.  ;  and  his  hair  will,  if  fine  in  quality,  show  a  tend 
stand  on  end. 


CHAPTER   V. 

INTRODUCTORY   CHAPTER   ON    POTENTIAL. 
(For  further,  see  Chapter  X.) 

§  I.  Quantity  of  Electrification.— We  have  spoken  of  +  and 
—  electrification,  or  electricity,  as  something  measurable  and 
cli'visible,  that  is  as  a  quantity.  Formerly  it  was  spoken  of  also  as 
a  fluid ;  a  view  that  was  fairly  justified  by  certain  observed  phe- 
nomena, but  not  by  others. 

This  conjunction  of  the  words  *  quantity  '  and  *  fluid  '  leads  us 
to  consider  in  what  respect  there  is,  and  in  what  respect  there  is 
not,  a  resemblance  between  electricity  on  the  one  hand,  and  such 
fluids  as  water  and  gases  on  the  other. 

(a)  Points  of  resemblance. — Electricity  can  be  measured  as  a 
quantity,  as  can  water  and  gases. 

In  any  system  of  vessels  between  which  there  is  proper  con- 
i^ection,  there  can  be  statical  equilibrium  of  water  only  when  all 
is  at  the  same  level,  or  of  a  gas  only  when  all  is  at  the  same 
pressure.  So  on  any  electrical  conductor  there  can  be  electrical 
equilibrium  only  when  there  is  throughout  the  same  electrical 
level  or  electrical  potential. 

In  the  former  case  the  water  or  gas  will  move  from  places  of 
higher  level  or  of  greater  pressure  to  places  of  lower  level  or  less 
pressure  respectively,  until  the  state  of  equilibrium  is  arrived  at. 
So  will  there  be  a  flow  of  +  electricity  from  places  of  higher  to 
places  of  lower  potential,  or  of  —  electricity  in  the  opposite  direc- 
tion, until  a  uniform  potential  is  arrived  at. 

Water,  and  gases,  and  electricity,  are  alike  unalterable  in  quan- 
tity ;  only  in  the  case  of  electricity  we  must  remember  that  it  is 
the  algebraic  sum  of  any  +  and  —  quantities  that  is  constant, 
equal  and  opposite  charges  giving  a  zero  sum. 

Note,  — In  the  above  we  have  neglected  the  compressibility  of  water,  and 
the  action  of  gravity  on  gases,  as  relatively  insignificant. 

F 
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{b)  Points  of  difference, — Water  and  gases  all  possess  masi\ 
indeed,  from  a  mechanical  point  of  view  they  are  merely 
endowed  with  certain  mechanical  properties,  their  chemical  com*] 
position  signifying  nothing. 

Electricity  on  the  other  hand  has,  most  probably,  no  iDas5.| 
There   is,   in   the   case    of   electricity,   no   gravitation-force, 
mechanical  inertia,   no  mechanical  kinetic  energy.     In  a  word,! 
electricity  is  not  matter,  while  all  fluids  are. 

If  we  are  to  call  electricity  *a  thing'  at  all,  it  must  be  justified' 
by  the  precedent  of  calling  energy  *  a  thing ' ;  and  we  merely 
express  by  the  term  the  unalterahility  of  electricity  as  a  quantity. 

In  the  case  of  water  and  gases  we  have  little  or  nothing 
answering  to  the  duality  of  electricity ;  nothing  like  the  attractions 
and  repulsions  between  unlike  and  like  charges  respectively  ;  nor 
is  there  anything  like  the  variation  of  the  intensities  of  these  forces 
with  the  nature  of  the  medium  in  which  the  charged  bodies  are 
situate  {see  Chapter  X.  §  25,  end). 

To  return  to  the  subject  of  our  section. 

Electricity  is  measured  as  a  quantity;  and  the  unit  is  that  quantity 
which  at  unit  distance  {i.e,  1  cm.)  from  an  equal  quantity  repels  it 
with  unit  force,  or  with  one  dyne ;  the  medium  between  the  two 
quantities  being  assumed  to  be  air. 

§  2.  Electrical  Level,  or  Electrical  Potential  —In  the  con- 
sideration of  the  statical  equilibrium  of  bodies  of  water,  or  the 
work  to  be  got  out  of  any  water  supply,  we  are  concerned  mainly 
with  level,  differences  of  level,  and  quantity  of  water. 

We  usually  take  *  the  sea-level '  as  our  arbitrary  zero  of  level, 
and  reckon  the  level  of  any  body  of  water  as  so  many  feet  + 
or  —  ;  the  feet  being  measured  vertically  up  from,  or  down  from, 
this  arbitrary  zero  respectively. 

Now  in  electricity  we  have,  roughly  analogous  to  the  above, 
the  question  of  electrical  potential,  difference  of  electrical poienlia I, 
and  quantity  of  electricity. 

We  take  as  a  zero  of  level  (whether  it  is  quite  arbitrary  or  not 
we  do  not  here  discuss)  the  electrical  potential  of  the  earth  ;  and 
we  reckon  potentials  as  +  or  -^  when  above  or  below  our  zero 
respectively. 

In  gravity  levels  the  test  of  the  same  level  and  different  levels  is 
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to  see  whether  such  a  fluid  as  water  will,  or  will  not,  flow  from  the 
one  spot  to  the  other  when  free  to  move.  We  call  that  the 
higher  level  from  which  the  water  flows.  In  electrical  levels 
(or  potentials)  two  points  are  at  the  same  potential  or  different 
potentials^  according  as  +  electricity  is  not,  or  is,  urged  from 
the  one  to  the  other  point  when  free  to  move.  That  is  called 
the  higher  potential  fiom  which  the  +  electricity  is  urged. 

Thus  in  gravity  a  spot  has  a  —  level  if  water  will  run  from  the 
sea-level  to  it ;  in  electricity  a  point  is  at  —  potential  if  +  elec- 
tri:ity  will  flow  from  the  earth  to  it. 

In  the  dual  nature  of  electricity,  and  in  the  opposite  move- 
ments of  +  and  —  electricity,  we  perceive  the  limitations  of  our 
rough  analogy. 

§  3.  Heasurement  of  Differences  of  Electrical  Level  by 
Work. — In  Chapter  X.  we  shall  discuss  this  matter  of  measure- 
ment of  potential  more  fully.  Here  we  wish  only  to  show  in 
what  way  the  measuremeht  is  made. 

The  measurement  of  gravity  levels  may  be  made  by  means  ot 
a  tape,  caused  to  hang  vertically  by  being  weighted  at  the  end  ; 
or  by  some  equivalent  method  in  which  the  action  of  gravitation 
gives  us  either  a  vertical  line  to  measure  along,  or  a  horizontal 
plane  from  which  the  vertical  can  be  deduced.  In  all  such 
cases  the  measurement  is  made  directly  in  feet. 

But  there  is  another  way  that  is  theoretically  possible. 

We  shall  in  Chapter  X.  consider  the  meaning  and  measure- 
ment of  work.  Here  we  will  only  say  that  in  lifting  weights  from 
a  lower  to  a  higher  level  we  do  work  ;  that  the  work  done  is  pro- 
portional to  the  weight  raised,  and  also  to  the  vertical  height 
through  which  it  is  raised  ;  and  that  it  is  independent  of  the 
route,  whether  direct  or  roundabout,  by  which  the  weight  is  raised 
from  the  lower  to  the  higher  level. 

Now  if  we  could  in  some  way  accurately  register  work  done, 
then,  by  carrying  some  standard  weight  from  one  place  to  another, 
we  could,  by  the  amount  of  work  done,  estmiate  the  difference  of 
level  of  the  two  places.  There  has,  however,  been  elaborated  no 
exact  method  of  this  sort,  because  the  former  method  is  so  very 
simple  and  direct. 

In  eleclricity,  on  the  contrary,  there  is  known  no  method 
analogous  to  the  direct    plumb-line  measurement.     'J'he  only 
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conceivable  method  of  measuring  the  difference  of  electrical  level 
between  two  points  is  by  measuring  the  work  done  in  moving  a 
+  unit  of  electricity  from  the  one  point  to  the  other. 

If  we  assume  that  the  reader  understands  in  what  unit  work 
is  measured,  we  can  say  that  we  have  now  shown  how  to  give 
an  exact  numerical  meaning  to  that  symbol  '  V '  which  is  used 
to  express  the  potential  of  a  point  with  respect  to  the  earth  as 
zero. 

Notes.  —  (i. )  We  are  said  to  do  +  work  when  we  move  against  the  lines  of 
force,  or  expend  energy ;  we  are  said  to  do  —  work  when  we  move  down  the 
lines  of  force,  or  have  energy  expended  on  us. 

(ii. )  The  reader  will  understand  from  the  above  section,  that  the  electrical 
potential  of  a  point  in  space  (or  of  a  body)  is  + ,  zero,  or  — ,  according  as  we 
do  + ,  zero,  or  —  work  respectively  in  moving  a  +  unit  of  electricity  from  the 
earth  to  the  point  in  space  (or  body).  The  potential  is  higher  as  this  work  is 
greater. 

The  +  unit  of  electricity  was  defined  in  §  i  of  this  chapter. 
Any  work  done  in  moving  it  from  one  place  to  another  is  due  to 
the  repulsive  and  attractive  actions  of  other"  electrical  quantities 
on  this  +  unit.     [As  regards  sign,  see  Chapter  IV.  §  7.] 

§  4.  Elementary  Ideas  on  *  Capacity.' — A  certain  quantity  of 
water  will  fill  a  certain  vessel  to  a  definite  level,  this  level  depend- 
ing on  the  quantity  of  water  and  on  the  dimensions  of  the  vessel 
The  more  the  water,  and  the  less  the  horizontal  section  of  the 
vessel,  the  higher  the  level  to  which  the  latter  will  be  filled. 

In  electricity,  when  we  charge  a  conductor  with  a  quantity  Q 
of  electricity,  we  raise  the  conductor  to  an  electrical  potential  V. 
This  potential  will  be  greater  or  less  according  to  a  property  of 
the  conductor  which  we  may  naturally  call,  by  analogy,  its  electrical 
capacity.  We  call  the  capacity  greater  or  smaller  according  as  the 
potential  V,  to  which  a  given  charge  Q  of  electricity  will  raise  it, 
is  smaller  or  greater  respectively.  Now  we  have  already  indicated 
how  Q  and  V  are  defined  and  measured.  Since  capacity  (K)  is  a 
new  term  we  may  define  it,  and  express  it  numerically,  by  the 
relation — 

V  =  Q;orK  =  Q; 

which  is  equivalent  to  saying  the  capacity  of  a  conductor  is  directly 
proportional  to  the  quantity  of  electricity  required  to  raise  it  to  a 
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^^rtain  potential^  and  inversely  proportional  to  the  potential  to  which 
^^  is  raised  by  a  certain  quantity. 

Of  the  units  in  which  V  and  K  are  measured  we  shall  treat 
ttiore  fully  in  Chapter  X.  We  see,  however,  from  the  above 
definition  of  K,  that — 

A  conductor  has  unit  capacity  when  unit  quantity  raises  it  to 
unit  potential^  or  to  unit  electrical  level  above  the  earth, 

§  5.  Lines  of  Force,  and  Eqnipotential  Surfaces. — ^We  have 
in  Chapter  III,  sufficiently  explained  what  are  meant  by  lines  of 
force.  The  reader  can  easily,  mutatis  mutandis^  define  for  himself 
lines  of  force  in  a  gravitation  field  of  force,  or  in  an  electrical  field 
of  force. 

Thus  in  an  electrical  field  a  line  of  force  is  a  line  along  which 
a  particle  charged  with  +  electricity,  and  free  from  all  other  forces, 
would  move  under  the  influence  of  electrical  forces  \  it  being 
assumed  that  the  movement  is  indefinitely  slow,  so  that  there  is 
not  any  '  centrifugal  *  desertion  of  the  line  of  force  when  this  is 
curved. 

It  is  along  these  lines  of  force  that  electrical  level  is  measured; 
just  as  it  is  along  the  lines  of  gravitation  force  (i.e,  vertical  lines) 
that  gravitation  levels  are  measured  with  the  plumb-line. 

It  is  in  movement  of  electricity  along  the  lines  of  electrical 
force,  as  in  movement  of  masses  along  the  lines  of  gravitation 
force,  that  we  do  work. 

Surfaces  over  which  we  can  move  our  +  unit  of  electricity 
without  doing  work  are  called  equipotential  surfaces. 

In  the  case  of  gravitation  these  are  clearly  horizontal  surfaces  ; 
a  mass  moved  over  these  surfaces  always  cuts  at  right  angles  the 
lines  of  force  of  gravitation,  and  hence  no  work  is  done,  or 
these  horizontal  surfaces  are  equipotential. 

In  electrostatics  let  us  consider  the  simple  case  of  a  single 
isolated  charged  particle.  Since  a  -^  unit  would  be  urged  straight 
from  it  or  straight  towards  it,  according  as  the  charge  on  it  is  -f 
or  — ,  it  follows  that  the  lines  of  force  are  straight  lines  radiating 
from  the  particle  as  centre. 

What  are  the  equipotential  surfaces,  i,e,  level  surfaces,  or  surfaces 
of  no  work  ?  They  must  be  those  over  which  our  +  unit  always 
cuts  the  lines  of  force  at  right  angles,  thus  doing  no  work. 

That  is,  they  must  be  spheres  having  the  particle  as  centre 


70  ELECTRICITY  t'H.  v 

and  the  lines  of  force  as  radii.     In  more  complicated  systems  of 
electrical  charges  we  may  have  lines  of  force  curved  about  in  any 
way  whatever.     But  still  the  equi potential  surfaces,  over  which 
our  +  unit  moves  without  doing  any  work,  will  be  those  that  cut 
at  right  angles  the  lines  of  force. 

From  what  we  have  said  the  reader  will  see  that  wherever  are 
lines  of  force,  there  is  rise  or  fall  of  potential ;  and  conversely. 

A  region  where  are  no  lines  of  force  must  be  all  at  one 
potential ;  since  there  can  be  no  work  done  in  moving  our  -h 
unit  against  zero  force,  and  therefore  there  can  be  no  differences 
of  electrical  level.  And  conversely,  where  a  region  is  all  at  one 
potential,  there  are  no  lines  of  force. 

§  6.  Induction;  from  a  *  Potential  *  Point  of  View. — We  will 
now  consider  briefly  what  light  the  above  considerations  throw 
upon  the  matter  of  electrostatic  induction. 

Definition  of  a  conductor, — We  must  first,  how^ever,  define 
what  we  mean  by  the  often-used  term  conductors.  We  mean 
bodies  on  which  electrical  charges  are  perfectly  free  to  move, 
bodies  which  can  resist  no  electrical  stress  due  to  differences  of 
electrical  potential. 

By  our  definitions  then  it  follows  that  when  any  conductor  is 
left  until  the  electrical  charge  has  had  time  to  arrange  itself,  it 
will  be  all  at  one  potential ;  for  were  two  parts  at  different  poten- 
tials, the  electrification  would  readjust  itself  until  the  two  places 
were  at  the  same  potential.  This  readjustment  is  so  rapid  that 
we  can  consider  it  to  be  practically  instantaneous. 

The  reader  may  object  that  one  might  conceivably  have  a  con- 
ductor of  which  two  parts  remain  at  different  potentials  for  the  reason 
that  there  is  no  electrical  charge  to  be  readjusted.  The  answer  to 
this  is  that  experiment  shows  us  the  universal  presence  of  unlimited 
quantities  of  +  and  -  electrifications  in  all  bodies,  these  being  equal 
in  amount  if  the  body  be  in  what  we  call  an  uncharged  condition. 
If  two  parts  of  the  conductor  be  at  different  potentials,  then  there  is 
unlimited  +  electricity  ready  to  flow  from  the  higher  level  to  the  lower, 
and  unlimited  -  electricity  ready  to  flow  from  the  lower  to  the  higher 
level ;  and  a  flow  takes  place  until  all  is  at  one  potential. 

Hydrostatic  analogy  to  electrostatic  inductions. — We  may  with 
advantage  discuss,  in  connection  with  the  matter  of  electrical 
induction,  a  hydrostatic  analogy.     We  shall  consider  the  sea-level 
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analogous  to  the  electrical  level  or  potential  of  the  earth  ;  a  hill- 
-si"id5?  as  analogous  to  a  region  through  which  there  is  2l  fall  of  electric 
^ctential^  or  what  we  may  term  an  electric  hill ;  and  a  trough  of 
'zcfater  as  (very  roughly  indeed)  analogous  to  an  electrical  conductor, 
I  n  a  still  rougher  sense  we  may  sometimes  take  a  taiver  as  analo- 
gous to  a  +  electrical  charge  ;  and  a  7vell  as  analogous  to  a  —  elec- 
trical charge.     We  may  now  note  the  following  facts. 

{a)  The  water  in  the  trough  will  always  be  at  one  level,  or 
vrater  will  have  no  more  tendency  to  flow  in  one  direction  than  in 
the  other,  in  whatever  position  the  trough  be  placed. 

(b)  If  the  trough  be  placed  upon  a  hill-side,  the  whole  will  be 
above  the  level  of  the  sea  ;  and  water  would  flow  from  any  part  of 
the  trough  down  to  the  sea,  if  connected  therewith  by  a  pipe. 

(c)  Further,  the  water  will  rise  at  one  end  and  will  sink  at  the 
other  ;  still  remaining  level.  It  will  be  shallower  at  the  end  that 
lies  uphill,  and  deeper  at  the  end  that  lies  downhill. 

{d)  If  instead  of  a  trough  we  have  a  trench  of  unlimited  depth, 
and  connected  this  with  the  sea-level,  water  will  flow  out  until  all 
is  at  the  sea-leveL  The  water  will  then  be  at  the  sea-level,  but 
will  be  deep  below  the  surface  of  the  hill. 

{e)  If  the  hill-side  now  sank,  with  the  trench  still  cut  in  it,  to 
the  sea-level,  the  water  in  the  trench  would  be  now  below  the  sea- 
level  ;  and  water  would  flow  from  the  sea  into  the  trench  until  the 
level  was  again  raised  to  sea-level. 

(/)  Let  there  be  a  trough  of  water  whose  surface  is  at  the  sea- 
level.  Now  let  this  trough  be  raised  up  on  to  a  hill-side  and  there 
be  put  in  a  sloping  position.  The  water  will  dispose  itself  as  in 
{c)  above.  Now  let  a  partition  be  put  in  the  middle  of  the  trough, 
parallel  to  the  ends,  and  let  the  whole  be  replaced  in  its  original 
position.  It  is  obvious  that  in  the  one  half  we  shall  now  have  the 
surface  aboT'e,  and  in  the  other  half  the  surface  belowy  the  sea-level. 
On  removing  the  partition  the  original  state  of  things  is  restored, 
and  the  surface  is  once  more  all  at  sea- level. 

{g)  Let  us  build  a  tower  on  the  sea  bottom  so  that  its  top 
reaches  the  sea  level.  If  the  sea-bottom  were  to  rise  up,  the  top 
of  the  tower  would  now  be  above  sea-level. 

(h)  Let  us  dig  a  well  on  the  hill  so  that  its  bottom  reaches 
sea-level.  If  the  hill  sinks  to  sea- level,  the  bottom  of  the  well  will 
be  below  this. 
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We  will  now  consider  the  facts  in  electrical  potential,  or_elec- 
tried  level,  that  are  analogous  to  the  above.  Both  by  the  word- 
ing of  the  statements  and  by  the  correspondence  of  the  lettering 
(a,  b\  c\  &c),  the  reader  will  be  able  to  see  how  the  two  sets  of 
facts  answer  the  one  to  the  other  respectively.  We  must,  however, 
again  repeat  that,  though  such  analogies  are  interesting,  too  great 
stress  must  not  be  laid  upon  them  ;  above  all  we  must  not  argue 
from  analogy. 

Let  us  suppose  that  there  is  a  room  whose  walls  &c.  are  all 
connected  with  the  earth,  and  are  therefore  at  the  same  electrical 
level,  or  potential,  as  the  earth  ;  this  we  take  for  our  arbitrary  zero 
of  potential.  Further,  let  there  be  a  +ly  charged  body  A  sus- 
pended in  this  room. 

There  will  be  a  fall  of  potential,  or  an  electrical  hill,  from  this 
body  A,  down  to  the  walls,  &c.  Such  was  the  case,  if  only  we 
change  the  sign  of  the  charge,  in  Chapter  IV.  §  14. 

If  any  insulated  uncharged  conductor  B  be  placed  between  the 
walls  and  the  body  A,  this  body  B  will  also  be  at  a  +  potential ;  it  will 
take  work  to  bring  a  +  unit  of  electricity  from  the  earth  up  to  B, 
in  consequence  of  the  presence  of  A.  So  that  A  has  given  rise  to 
an  electrical  hill  running  down  to  the  walls  ;  and  ail  insulated  un- 
charged bodies  placed,  as  it  were,  on  this  hill,  will  be  at  a  +  poten- 
tial ;  though  of  course  at  a  lower  potential  than  is  A,  since  it  will 
take  less  work  to  bring  a  -h  unit  of  electricity  up  to  B  than  up  to  A 

The  corresponding  electrical  facts  are  as  follows. 

{a)  A  conductor  such  as  B  will  always  be  at  one  electrical 
potential  over  a.11,  wherever  it  be  placed. 

{b')  When  the  insulated  conductor  B  is  placed  between  A  and 
the  walls,  i.e.  on  an  electrical  hill,  the  whole  is  above  the  electri- 
cal potential  of  the  earth  ;  and  4-  electricity  would  flow  from  any 
part  of  this  conductor  to  the  earth,  if  it  be  connected  therewith  by 
a  wire. 

{(f)  Further,  we  shall  find  —  electricity  at  the  end  nearer  to  A, 
and  +  electricity  at  the  end  nearer  to  the  walls.  This  readjust- 
ment, or  separation  of  -f  and  —  electricities,  will  be  just  such  as 
will  leave  B  all  at  one  potential  ;  or  will  be  such  that  a  +  unit  of 
electricity  will  move  on  B  in  any  direction  indifferently,  and  this 
in  spite  of  the  presence  of  A  {see  Chapter  IV.  §  14,  Experiment  (i.)). 

{d)  If  we  connect  B  to  earth  by  a  wire,   +  electricity  will 
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flow  out  of  B  until  it  is  all  at  zero  potential.  It  will  then  be  charged 
with  —  electricity,  though  all  at  zero  potential.  Since  B  is  all  at 
one  potential,  this  flow  of  electricity  to  earth  will  take  place  from 
any  point  on  it  indifferently  {see  Chapter  IV.  §  14,  Experiment  (ii.)). 
(e')  If  A  be  now  discharged,  or  reduced  to  the  level  of  the 
earth's  potential,  our  electrical  hill  disappears.  It  is  now  found 
that  B  is  at  a  —  potential ;  and  +  electricity  will  flow  from  the 
earth  into  it  until  it  be  again  at  the  earth's  potential. 

(f)  Let  an  uncharged  insulated  cylinder,  capable  of  division 
about  Its  centre  ^i^^  Chapter  IV.  §  14,  Experiment  (iii.)),  be  placed 
between  A  and  the  walls.  It  will  now  exhibit  a  +  charge  at  one 
end,  and  a  —  charge  at  the  other.  If  the  two  halves  be  separated 
and  A  be  removed  or  discharged,  we  shall  find  these  halves  to  be 
above  and  below  zero  potential  respectively.  On  again  connect- 
ing the  two  halves  the  whole  resumes  its  original  condition  of 
zero  potential. 

{g)  When  a  body  is  in  a  region  of  —  potential  let  us  give  it 
such  a  +  charge  as  will  raise  it  to  zero  potential.  If  the  region 
rises  in  potential,  the  charge  given  to  the  body  will  cause  it  to  be 
now  above  zero  potential. 

{h')  So  when  a  body  is  in  a  region  of  -h  potential  let  us  give 
it  such  a  charge  of  —  electricity  as  will  reduce  it  to  zero  potential. 
If  the  region  now  sink  to  zero  potential,  the  body  with  its  — 
charge  will  be  below  zero  potential. 

From  what  we  have  said  above  it  is  clear  that  aU  cases  of 
induction  can  be  regarded  as  electrical  redistributions  that  take 
i)lace  on  conductors  when  placed  in  regions  of  varying  {or  unequal) 
potential :  these  redistributions  being  such  as  to  maintain  the  con- 
ductor at  the  same  potential  all  over. 

Note,  —  Charging  the  gold-ieaf  electroscope  by  induction. —  In  Chapter  IV. 
§  14  (i^.)  we  indicated  how  we  could  charge  the  gold-leaf  electroscope  induc- 
tively.    It  is  now  time  to  explain  more  exactly  what  occurs. 

Let  the  electroscope  be  uncharged,  and  let  a  -I-  ly  excited  rod  be  approached. 
The  electroscope  will  be  in  the  field  between  the  rod  and  the  earth,  and  it 
will  be  at  a  -f  potential.  There  will,  therefore,  be  a  field  of  force  between 
the  leaves  and  the  wall ;  and  -f  electricity  will  be  ready  to  flow  from  any 
part  of  the  instrument  to  earth.  The  leaves  will,  therefore,  move  from  each 
other  towards  the  walls,  or  will  *  diverge  with  -f  electricity. '  If  now  we 
touch  the  instrument  with  the  hand,  we  reduce  it  to  zero  potential,  and  the 
leaves  collapse  ;  it  now  has  a  —  charge  sufficient  to  keep  it  at  zero  potential 
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in  the  presence  of  the  +  charged  rod.  If  the  hand  be  removed,  and  then  the  ' 
rod,  the  instrument  will  be  at  a  —  potential  in  virtue  of  its  —  charge,  there 
being  now  no  region  of  4-  potential  to  be  counteracted  ;  and  the  leaves  will 
*  diverge  with  —  electricity.*  The  approach  of  a  —  charged  rod  will  cause 
its  —  potential  to  be  still  greater,  and  the  leaves  will  diverge  more.  But  the 
approach  of  a  +  charged  rod  will  again  cause  the  region  about  the  electro- 
scope to  rise  in  potential.  Hence,  according  to  the  strength  of  charge  of  the 
-f  ly  excited  rod  and  the  nearness  of  its  approach,  the  electroscope  will  become 
less  — ,  or  zero,  or  even  +  in  potential  ;  and  its  leaves  will  diverge  less, 
collapse,  or  *  diverge  with  +,'  in  the  three  cases  respectively. 

§  7.  Necessity  of  distingnisliiiig  Sign  of  Charge  and  Sig^n 
of  Potential. — Where  we  have  an  isolated  charged  body,  there  the 
potential  of  the  body  is  +  or  —  according  as  the  charge  is  +  or 
—  in  sign.  For  we  do  +  or  —  work  respectively  in  moving  our 
test  +  unit  of  electricity  from  the  earth  to  the  body.  But  if  we 
have  more  than  one  charged  body  we  cannot  predict  the  sign  of 
the  potential  of  a  body  from  its  charge.  Thus  if  we  have  a  pail 
charged  +,  a  ball  hung  inside  it  may  be  at  a  +  potential  even  if 
it  be  itself  charged  —  ;  for,  owing  to  the  presence  of  the  pail,  it 
may  require  4-  work  to  bring  our  test  +  unit  of  electricity  from 
the  earth  up  to  the  ball. 

So  again,  in  Chapter  IV.  §  14,  Experiment  (ii.),  the  conductor 
C  D  was  at  zero  potential  although  it  had  a  +  charge  on  it. 

§  8.  Further  on  Capacities. — When  a  body  is  charged  with  a 
quantity  +  Q,  there  is  a  complementary  quantity  —  Q  on  the 
surrounding  surfaces. 

If  these  surroundings  are  so  far  off  that  this  charge  —  Q  exerts 
no  perceptible  force  on  our  test-charge  of  a  '  +  unit  *  as  we  carry 
it  from  the  earth  up  to  the  body,  then  the  work  done  on  our 
'  +  unit '  as  we  so  carry  it  will  be  independent  of  the  surroundings ; 
it  will  depend  only  on  the  charge  Q  of  the  body,  and  en  the  shape 
and  size  of  the  latter.  And  the  potential  of  the  body,  measured 
by  this  work,  will  also  depend  only  on  its  shape,  size,  and  charge. 

In  such  a  case  the  body  is  said  to  be  isolated^  and  it  has  a 
definite  capacity. 

But  if  the  surroundings  be  not  so  far  removed  as  to  make  the 
above  condition  hold,  then  the  work  done  on  our  *  4-  unit '  will 
depend  in  part  on  the  position  of  the  surroundings.  In  such  a 
case  the  potential  of  the  body  depends  not  only  on  its  shape  and 
size  and  on  the  charge  given  to  it,  but  also  on  the  position  of 
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ixTounding  surfaces.     The  body  is  then  not  isolated  ;  and  we 
ust  consider  the  whole  system  of  body  and  surroundings. 

Note. — A  little  consideration  will  show  that  if  a  body  previously  *  isolated ' 
2  brought  near  {e.g, )  to  the  walls  of  the  room,  most  of  the  complementary 
-  Q  will  now  be  on  the  part  of  the  walls  near  to  the  body.  This  will  have  the 
RFect  of  lessening  the  work  required  to  bring  our  +  unit  up  to  the  body.  In 
ther  words,  the  nearer  approach  to  the  walls  will  increase  the  body's  capaciiy. 
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CHAPTER  VI. 

ELEMEN'TARV   DISCUSSION  OP  CONDENSERS. 

(For  further,  see  Chapter  X.) 

§  I.  General  Ideas.    Appamtni  lued. — In  this  chapter  ft 
consider  the  alteration  of  the  capacity  of  a  conductor  as  the  di> 
tances  and  positions  of  surrounding  conductors  alter.     Or, 
accurately,  we  consider  the  electrical  capacity  of  the  system  of 
conductors  taken  as  a  whole. 

We  shall  use  the  following  apparatus. 


(i.)  Tlte  sliding  condenser  plates,   {^pinu^s  condenser!) — A  and 
are  two  discs  of  metal,  having  well-rounded  edges.     They  arf 
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Fig.  ii. 


insulated  by  being  fixed  on  to  elbow-bent  rods  of  glass.  These 
rods  are  set  in  stands  that  run,  guided  by  rails,  along  a  board 
three  or  four  feet  in  length. 

(ii.)  A  fomi  of  Peltier  electrometer. — Insulated  inside  a  glass 
shade,  the  method  of  insulation  being  indicated  in  the  accompany- 
ing figure,  is  a  frame  of  wire  abed.  Balanced  on  a  steel  point 
is  a  magnetic  needle  n  s,  provided  at  the 
ends  with  gilt  pith  balls. 

The  apparatus  is  so  placed  that  the 
needle,  as  directed  by  the  earth's  field,  rests 
with  the  pith-balls  just  lightly  touching  the 
sides  of  the  brass  frame. 

When  the  knob  K  is  connected  with  a 
conductor  at  a  -h  or  —  potential,  the  frame 
and  needle  all  become  of  a  +  or  —  potential 
with  respect  to  the  earth  ;  there  is  an  electric 
field,  and  the  needle  is  urged  away  from  the 
frame  towards  the  walls. 

Or,  in  ordinary  two-fluid  language,  if  we 
connect  K  with  a  conductor  that  we  have  charged  +  or  — ,  we 
shall  have  the  needle  urged  away  from  the  similarly  charged  frame 
towards  the  walls  of  the  room  ;  and  it  finally  rests  in  such  a 
position  that  the  couple  due  to  the  electrostatic  field  balances 
the  couple  due  to  the  earth's  magnetic  field. 

(iii.)  We  .shall  also  use  a  —  charged  ebonite  rod  with  which 
to  test  the  sign  of  the  charge  that  may  be  at  any  time  causing  the 
needle  of  the  electrometer  to  be  deflected  ;  this  testing  having 
been  explained  earlier. 

We  may  add  that  the  electrometer  can  be  made  more  or  less 
sensitive  by  weakening  or  strengthening  the  magnetic  field  acting 
on  the  needle,  by  means  of  a  controlling  magnet,  as  explained  in 
Chapter  XVII.  §  9. 

(iv.)  Source  of  electricity, — For  charging  the  plates  we  shall 
use  an  electrophorus  or  frictional  machine  ;  and  shall  assume  that 
it  is  so  regular  in  its  action  that  it  is  of  a  constant  potential.  That 
is,  the  machine  will  continue  to  give  a  charge  to  a  conductor, 
cease  to  do  so,  or  receive  a  charge  back  from  the  conductor, 
according  as  this  latter  is  below,  up  to,  or  above,  this  fixed  poten- 
tial of  the  machine  respectively. 
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The  analogy  would  be  a  water-supply  kept  at  a  certain  fixed 
level. 

§  2.  Experiments  with  the  two  Condenser  Plates.— In  the 
following  experiments  the  two  plates  A  and  B  are  connected  with 
the  electrometers  Ea  and  Eg  respectively,  and  are  insulated,  unless 
the  contrary  is  stated. 

Experiment.— {^\.)  Let  B  be  at  some  distance,  say  '5  mitre^  from  A,  and 
let  both  plates  be  initially  uncharged.  Now  charge  A  with  (say)  4-  electricity, 
until  it  will  receive  no  further  charge  from  the  source.     It  will  be  found  that 
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the  needle  Ea  is  deflected  with  +  electricity.  At  the  same  time  the  usual 
proof-plane  test  will  show  that  on  the  face  of  B  turned  towards  A  there  is 
—  electricity  ;  while  Eg  is  deflected  with  +  electricity. 

In  tivo-fluid  language  we  should  say  that  the  -«-  charged  body 
A  induces  a  —  charge  on  the  face  of  B  turned  towards  it,  repelling 
the  complementary  +  to  the  further  side  of  B  and  to  Eg  (see 
Chapter  IV.  §  14). 

In  potential  language  we  should  say  that  there  is  on  B  and 
Eb  such  a  redistribution  of  the  total  charge  (whose  algebraic  sum 
is  zero)  as  to  leave  this  system  at  one  potential.  Since  the  whole 
system  is  between  a  +  charged  body  A  and  the  earth,  it  must  be 
at  a  -h  potential,  since  it  would  take  work  to  bring  our  +  unit 
from  earth  up  to  B.  Hence  +  electricity  tends  to  run  from  all 
parts  of  the  system  to  the  earth  ;  and  hence  the  needle  of  Ep  is 
urged  down  an  electric  field  between  the  brass  frame  and  the 
walls. 

Experiment.  — (ii. )  Put  B  to  earth,  by  touching  any  part  of  it.  It  will  be  seen 
that  Eb  returns  to  s^r<7 deflexion,  while  Ea  is  deflected  less  than  it  was  before, 
and  further  that  A  will  now  receive  more  charge  from  our  source. 

In  two-fluid  language  we  can  say  that  we  have  allowed  the 
repelled  +  to  pass  away.  In  consequence  of  this,  A  has  further 
inductive  action  on  B ;   so    that   there  is  more  —  on  B  than 
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fore,  and  more  +  passes  to  earth.     Corresponding  to  this  larger 
■  charge  on  B,  there  is  drawn  over  to  the  surface  of  A  that  faces 
more  of  the  f  charge  on  A  ;  and,  as  a  consequence,  E^  is  less 
lected,  and  the  whole  will  receive  further  charge. 
(The  reader  may  here  look  at  the  diagram  given  at  end  of  this 
xtion.     It  represents  roughly  the  effect  that  the  presence  of  B 
on  the  distribution  of  the  charge  on  A.) 
In  potential  language  we  may  say  that  we  have  put  B  and  E^  to 
t<*ro  potential.     There  is  therefore  no  field  of  force  between  the 
-ass  frame  of  Eb  and  the  walls,  and  hence  the  needle  has  no 
ciouple  deflecting  it. 

Now,  there  was  in  (i.)  on  the  side  of  B  turned  towards  A  a 
certain  —  charge.  This  by  itself  would  have  made  B  of  a  —  poten- 
tial ;  but,  owing  to  the  presence  of  the  +  charge  on  A,  B  was  yet 
'■  a.t  a  4-  potential.  In  (ii.)  we  have  B  at  zero  potential,  smce  it  is 
to  earth.  It  seems  clear,  then,  that  there  must  now  be  a  larger  — 
charge  on  B  than  there  was  before,  since  it  is  as  close  to  the  + 
charge  of  A  as  it  was  before  and  is  yet  at  zero  potential. 

For  a  similar  reason  to  that  indicated  in  Chapter  V.  §  8,  note^ 
the  presence  of  this  larger  —  charge  near  A  will  lessen  the  work 
required  to  bring  a  *  +  unit '  up  to  A.  In  other  words  the  poten- 
tial of  A  will  be  in  this  case  (ii.)  lower  than  it  was  in  case  (i.). 

Experiment.  — {^xx.)  Re-insulate B, and  approach  it  nearer  to  A.  We  shall 
find  that  Eb  again  diverges  with  4- ,  while  Ea  falls  a  little  in  its  deflexion. 

And  further,  as  we  should  expect  from  the  falling  oft*  of  the  deflexion  of  E^, 
we  can  give  A  more  charge  from  our  source. 

In  tuw-fluid  language  we  have  a  further  separation  ot  -f  and 
—  on  B,  the  +  being  repelled  to  the  regions  (such  as  £„)  remote 
from  A.  There  is  also  in  A  a  further  concentration  of  the  charge 
on  the  face  turned  toward  B,  and  consequently  a  weakening  of 
the  charge  in  Eg.  We  should  thus  expect  to  be  able  to  give  more 
charge  to  the  whole,  A  and  E^. 

In  potential  language  we  have  moved  B  higher  up  the  *  elec- 
trical hill '  that  exists  between  A  and  the  earth,  or  into  a  region  of 
higher  potential  than  before.  If,  before,  its  charge  of  —  electricity 
was  such  as  to  keep  it  just  at  zero  potential,  this  charge  will  be 
insufficient  to  keep  it  at  zero  now  that  it  is  nearer  to  the  4-  charged 
A.   It  will  therefore  again  become  of  a  +  potential,  or  +  electricity 
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will  be  ready  to  flow  from  it  to  the  earth.     The  electrometer 
neadle  is  again  in  an  electric  field,  and  is  again  deflected. 

At  the  same  time  the  potential  of  A  will  be  lowered  for  a 
reason  similar  to  that  given  in  case  (ii.). 

Experiment. — (iv.)  Next  put  B  to  earth.  We  find  that  Eb  is  no  more 
deflected,  Ea  falls  slightly. 

The  discussion  of  this  will  be  similar  to  that  of  Experiment  (ii.). 

Experiment.  — iy.)  Again  insulate  B  and  remove  it  further  from  A.  The 
needle  Eb  is  deflected  with  —  this  time,  while  Ea  is  deflected  more  strongly 
with  +. 

In  two-fluid  language  the  removal  of  A  and  B  from  each  other 
causes  some  of  the  +  and  —  electricities,  concentrated  on  the  op- 
posed faces  of  A  and  B  respectively,  to  pass  away  from  these  faces 
to  the  other  portions  of  the  conductors,  and  so  to  E^  and  £„* 

In  potential  language  the  potential  of  A  will  be  raised,  for  a 
reason  similar  to  that  given  in  cases  (ii.)  and  (iii.).  There  will  be 
a  stronger  field  between  the  wire  frame  of  the  electroscope  and 
the  walls,  and  the  needle  will  be  more  deflected. 

With  respect  to  B,  the  —  charge  that  kept  it  at  zero  potential 
when  in  the  nearer  presence  of  A,  is  too  much  for  this  purpose 
when  A  is  removed  to  a  greater  distance  ;  it  renders  B  —  in  sign 
of  potential ;  and  the  —  charged  needle  of  the  electrometer  is  in 
an  electric  field  running  down  from  the  walls  to  the  frame,  and 
therefore  moves  up  this  field  away  from  the  brass  frame. 

It  is  important  to  note  that  by  charging  A  when  B  is  near, 
and  by  then  removing  B,  we  can  get  in  A  a  charge  of  a  much 
higher  electrical  potential,  or  level,  than  that  of  the  source  from 
which  we  charged  A  initially. 

Experiment.  — (vi. )  When  A  B  are  very  close  and  B  is  to  earth,  the  charge 
that  can  be  given  to  A  [roughly  measured  by  counting  the  number  of  sparks 
given]  will  be  seen  to  be  very  large  indeed  as  compared  with  the  charge  that 
can  be  given  to  A  when  isolated. 

The  proof-plane,  if  it  can  be  used,  will  show  that  this  charge  is  mainly  on 
the  face  of  A  turned  towards  B  ;  while  on  the  opposed  face  of  B  is  an  opposite 
charge  of  equal  magnitude  {see  §  4). 

If  B  be  pushed  still  nearer,  a  brilliant  blue  spark  will  be  seen  to  span  the 
gap  between  A  and  B,  and  a  strident  *  crack '  will  be  heard. 

If  a  person  holding  B  touch  A,  this  discharge  will  pass  through  him  and 
will  give  him  a  shock.  Such  an  experiment  must,  however,  be  tried  with 
caution. 
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The  accompanying  figures  show  roughly  the  cases  of  A  charged 
when  isolated,  and  of  A  and  B  acting  as  a  condenser,  respectively. 
The  crowding  of  the  signs  +  and 
-  is  meant  to  indicate  the  con-  +  ^ 
centration  of  charge. 

§  3.  Discussion  of  the  Terms 
<  Bound'  and  *  Free.'— We  have 
seen  that  when  a  body  is  charged 
with  a  certain  quantity,  say  +  Q,    '^^ 
of  electricity,   there  is  induced 

....  ,         Fig.  a.  Fig.  hi. 

on  surroundmg  objects  an  equal 

quantity  of  opposite  sign,  or  —  Q  (see  Chapter  IV.  §  16).  The 
distribution  of  this  quantity  +  Q  on  the  conductor  depends  on  its 
form  and  on  the  relative  positions  of  surrounding  bodies. 

It  is  found  to  be  part  of  the  essential  nature  of  *  electricity ' 
that  a  +  or  —  charge  does  not  exist  alone  ;  it  is  always  the  one 
or  other  side  of  an  electrical  field. 

Now  the  charge  on  ihe  plate  A  (see  figure  at  end  of  §  2)  in- 
duces on  the  whole  an  equal  and  opposite  charge  on  the  walls,  &c., 
and  the  greater  part  of  this  w^ill  be  on  that  surface  of  B  which  is 
opposed  to  A  ;  since  B  is  by  far  the  nearest  part  of  the  earth  that 
is  presented  to  A. 

If  we  now  cut  off  B  from  the  earth  and  insulate  it,  without 
otherwise  disturbing  the  system,  and  then  put  A  to  earth,  what 
will  happen  ? 

To  begin  with  we  may  say  roughly,  but  as  we  shall  see  in  §  6 
not  quite  exactly,  there  will  pass  away  from  A  that  part  of  the 
charge  that  can,  by  so  passing  away,  get  at  and  neutralise  the  cor- 
responding part  of  the  induced  —  charge.  If  B  were  still  to  earth, 
then  all  the  charge  would  pass  from  A,  and  the  two  sides  of  the 
field  (the  equal  and  opposite  +  and  —  charges)  would  close  in 
and  leave  no  field  or  charge  ;  the  -h  and  —  would  entirely  *  neu- 
tralise '  each  other.  But  B  has,  we  suppose,  been  insulated  again 
before  A  is  put  to  earth.  Hence,  to  speak  roughly,  that  part  of  the 
charge  on  A  which  answers  to  the  charge  induced  on  B,  will  have 
no  tendency  to  pass  away,  since  it  cannot  thereby  get  at  the  — 
charge  on  B,  which  is  the  opposite  side  of  its  field.  But  if  we 
stood  on  B,  insulated  from  the  earth,  and  then  touched  A,  we 
should  withdraw  from  A  all  that  j^art  of  the  charge  answering  to 
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the  —  charge  induced  on  B  ;  while  on  A  would  remain  that  part 
of  its  charge  which  has  its  corresponding  induced  charge  on  the 
walls  and  ceihngs,  &c.,  from  which  we  are  now  insulated.  When 
B  is  insulated,  therefore,  we  can  divide  the  charge  on  A  into  two 
portions  ;  one  part  can  be  withdrawn  by  a  person  in  connection 
with  the  walls,  ceiling,  &c.,  and  unconnected  with  B,  but  cannot 
be  withdrawn  by  a  person  connected  with  B  and  insulated  from 
the  walls,  &c. ;  the  other  part  can  be  withdrawn  by  a  person  con- 
nected with  B  and  unconnected  with  walls,  &c.,  but  not  by  a  person 
insulated  from  B.  The  former  is  free  with  respect  to  any  person 
connected  with  the  walls,  &c.,  the  latter  is  bound  with  respect  to 
such  a  person. 

This  is  the  origin  of  the  terms  bound  and  free  \  the  reader 
will  see  in  how  relative  a  sense  they  must  be  understood. 

§  4.  Conditions  affecting  the  Magnitude  of  the  <  Bound 
Charge. — When  B  is  very  close  to  A  we  may  neglect  the  *  free ' 
charge  on  A  as  relatively  insignificant  (see  §  3).  The  *  charge' 
of  the  condensing  system,  composed  of  A  and  B,  will  then  mean 
the  *  bound  charge '  residing  on  that  face  of  A  that  is  turned  to- 
ward B  ;  the  inseparable  accompaniment  of  an  equal  and  opposite 
charge  on  B  will  be  understood,  but  not  generally  mentioned. 

The  magnitude  of  the  charge  can  be  experimentally  shown  to 
depend  on  several  conditions. 

(i.)  On  the  size  of  the  plates  A  and  B. — If  these  are  equal  in 
area,  and  if  the  distance  between  them  be  very  small  as  compared 
with  the  diameter  of  either,  then  the  charge  will  be  (approximately) 
directly  proportional  to  the  area  of  the  plates. 

(ii.)  On  the  distance  betiveen  the  plates  A  and  B. — The  nearer 
the  plates,  the  greater  the  charge.  And,  with  the  condition  just 
given,  the  charge  is  inversely  proportional  to  the  distance  between 
the  plates. 

(iii.)  On  the  difference  of  potential  between  the  plates  A  and  B. — 
We  have  not  yet  explained  exactly  in  what  units  we  measured 
electrical  level  or  potential ;  but  we  have  sufficiently  indicated  the 
nature  of  the  unit  employed.  For  further,  the  reader  must  wait 
for  Chapter  X.  §§  9,  19,  25,  &c.  We  may,  hovvever,  here  state 
that  the  charge  is  directly  proportional  to  the  difference  of  the 
potentials  of  A  and  B. 

(iv.)  On  the  nature  of  the  dielectric  {see  note).—  If  the  charge  is 
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a  certain  magnitude  Q  when  the  dielectric  is  air,  then  cceteris 

iribtis  it  will  be  o-.Q  when  the  dielectric  is  some  other  substance. 

^iTiis  n  is  (as  we  shall  see  in  Chapter  IX.)  the  specific  inductive 

'^ie^pacity  of  the  particular  dielectric.     If  then  Q  represent   the 

''^iiumerical  value  of  the  bound  charge,  V,  and  V2  the  potentials  of 

^lie  plates  A  and  B,  and  K  be  a  quantity  including  the  area  of 

tie  plates,  the  distance  between  them,  and  the  specific  inductive 

^^pacity  of  the  dielectric,  and  called  the  capacity  of  the  condenser^ 

then  we  shall  have  the  formula 

or  Q  =  K  .  V, 

when  the  outer  coating  is  put  to  earth  and  so  is  at  zero  potential. 

Note. — ''Dielectric,'*  Any  non-conducting  medium,  be  it  solid,  liquid,  or 
gas,  that  intervenes  between  two  conductors,  is  called  a  dielectric.  It  is  across 
dielectrics  that  electrostatic  attractions  and  repulsions  are  exerted  ;  and  it  is  in 
dielectrics  that  fields  of  electrostatic  force  exist.  The  usual  dielectric  is  air ; 
but  in  certain  instruments  glcLSSy  or  ebonite ^  is  the  dielectric. 

§  5.  An  Isolated  Body  considered  as  the  Limiting  Case  of  a 

Condenser. — If  the  plate  B  be  at  zero  potential,  then  the  formula 

becomes 

Q  =  K.V 

where  V  is  the  potential  of  A. 

Now,  as  stated  in  Chapter  V.  §  8,  it  can  be  shown  {see 
Chapter  X.  §  1 9)  that  when  B  and  all  other  surrounding  bodies 
are  at  a  distance  from  A  very  great  as  compared  with  the  dimen- 
sions of  A,  then  any  further  change  in  their  positions  and  dis- 
tances will  make  no  difference  in  the  capacity  of  A  ;  that  is, 
under  such  conditions  the  value  of  the  capacity  K  depends  only 
on  the  size  and  shape  of  A. 

We  thus  arrive  at  our  old  formula  for  isolated  bodies,  viz. : 

Q=:K.V;orV  =  Q 

K 

§  6.  Alternate  Discliarge. — Let  us  have  two  equal  plates  A 
and  B  very  close  together,  B  being  put  to  earth,  and  A  being 
charged  to  its  fullest  extent ;  and  let  us  call  the  charge  on  A, 
unity. 

The  total  induced  charge  answering  to  the  charge  -f  i  on  A 
will  be  —  I  ;  and  of  this  the  larger  part  by  far  will  be  on  B.     Let 
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this  larger  part  be  called  ;;/,  where  m  is  some  large  proper  fraction 
such  as  '^  :  the  other  —  being  on  the  walls,  &c.    Then  as  long 

lOO  lOO  I 

as  A  is  untouched  we  can  say  that  a  charge  -h  i  on  A  *  binds' a 
charge  — ;;/  on  B,  in  the  sense  that  we  cannot  withdraw  it  from 
B  as  long  as  A  is  insulated. 

In  the  same  way,  since  the  plates  are  equal  and  similaily 
situated,  a  charge  —  i  on  B  would  *  bind '  a  charge  +  ;//  on  A. 
Or,  more  generally,  a  charge  Q  on  either  would  bind  a  charge 

—  m  Q  on  the  other. 

In  the  case  we  have  supposed,  the  charge  +  i  on  A  binds 

—  ;//  on  B.  This  charge  —  ;;/  on  B  can  bind  only  +  w  x  »/,  oi 
-H  ///^  on  A. 

Hence,  if  we  insulate  B  and  touch  A,  putting  it  to  earth,  we 
withdraw  an  amount  +  (i  —  iit^)  from  A,  and  leave  on  it  +»'* 

bound  by  the  —  m  on  B.     The  reader  may  put  e,g.  -2^  for ;//. 

I  GO 

Insulating  A  and  touching  B,  we  withdraw  from  B  what  A 
does  not  bind  ;   that  is,  since  the    +  ;;/'   left   on  A  will  bind 

—  m  X  ///^  or  —  ;;/^,  on  B,  we  leave  —  m^  on  B  and  withdraw 
;;/  —  m^  from  B,  and  so  on. 

Each  time  that  one  plate  is  put  to  earth,  part  of  the  charge  on 
the  other  plate  becomes  *  free.' 

This  process  of  alternately  putting  either  plate  to  earth  is 
called  the  alternate  discharge. 

We  give  here  a  table. 


Withdrawn  from 


1 

K 

■t- 

I  ■ 

— 

nr- 

m^ 

— 

VI* 

m' 

•  m^ 

On  A  + 


Binds 


OnB- 


Withdrawn  from 
B- 


m- 


;;r 


f/r 


in 


m' 


ffr 


m  —  vt^ 


ffr  —  m' 


f/r  —  w' 
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Note, — As  regards  the  exact  meaning  of  w,  the  reader  will  understand  the 
following  explanation  better  when  he  has  read  Chapter  X. 

Let  us  consider  the  plate  A  only.     There  is  on  the  inside  surface  next  to  ]» 

a.  bound  charge  Q  ;  and  on  the  outside  surface,  opposite  to  the  relatively  distant 

Myalls,  a  relatively  insignificant  charge  Q'.     The  charge  Q  raises  the  inner 

surface,  and  the  charge  Q'  raises  the  outer  surface,  to  a  potential  Va,  which  is 

necessarily  the  same  for  the  two  surfaces.      If  then  K  is  the  capacity  of  the 

inner  surface,  and  K'  the  capacity  of  the  outer  surface,  we  have  the  relation 

O      O' 
Va  —  ^  —  t7/  •      We  may  call  K  the  *  bound  capacity '  of  A,  or  the  capacity 

of  the  condensing  system,  its  magnitude  depending  on  the  shape  and  size  of  A 
and  also  on  the  position  &c.  of  B.  We  may  call  K'  the  *  free  capacity '  of  A — 
or  rather  of  its  outer  surface  ;  its  magnitude  depends  on  the  shape  and  size  of 
this  outer  surface,  but  on  nothing  else  provided  that  the  walls  &c.  are  so  remote 
that  the  outer  surface  of  A  may  \^  considered  to  be  *  isolated '  with  respect  to  them. 
From  the  relation  given  above  we  easily  obtain  the  result  that 

Remembering  then  that  Q  4-  Q'  is  the  total  charge  on  A,  and  that  the  — 
charge  on  B  equals  Q  in  magnitude,  we  see  that  ;;/  =  — — —^, 

Experiments, — (i.)  With  the  plates  A  and  B,  each  connected  with  a  Peltier 
electrometer,  the  alternate  discharge  can  be  shown  ;  though  the  arrangement 
is  not  one  adapted  to  give  indication  for  more  than  a  few  discharges.  As  we 
touch  A  we  receive  a  spark,  and  Eb,  previously  undeflected  because  at  zero 
potential,  will  be  deflected  with  —  electricity,  B  and  Eb  being  now  at  a  — 
potential,  while  Ea  will  fall  to  zero  deflection.  If  we  now  touch  B,  Eb  falls 
to  zero  and  Ea  is  deflected  with  + ,  and  so  on. 

(ii.)  ALeydenjar  (see  next  section)  is  mounted  on  an  insulating  stand. 
While  it  is  being  charged  the  outer  coating  is  put  to  earth,  and  then  the  whole 
is  left  insulated. 

We  can,  by  alternately  touching  the  knob  connected  with  the  inside,  and 
the  outside  coating,  draw  off  sparks  of  +  and  —  electricity  in  turnr.  The 
signs  of  these  alternate  charges  can  readily  be  tested  as  in  Chapter  IV. 

§  7.  Leyden  Jaxs. — When  it  is  required  merely  to  stoie  a  large 
charge  at  the  potential  of  the  source,  and  when  there  is  no  need 
to  alter  the  distance  between  the  plates,  the  condenser  usually 
takes  the  form  of  a  jar  of  glass  having  inside  and  outside  coatings 
of  tin-foil.  A  knob  gives  connection  with  the  inside  of  the  jar  ; 
this  knob  should,  if  possible,  pass  up  from  the  inside  without  any 
connection  with  the  neck  of  the  jar,  in  order  to  insure  good 
insulation. 

Since  the  charge,  ceteris  paribus^  is  proportional  to  the  differ- 
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unce  of  potential  of  outside  and  inside,  it  should  be  our  objed 
to  make  this  difference  as  large  as  possible.  As  a  rule  the  highest 
available  potential  is  that  of  our  source,  and  with  this  we  coi 
the  knob  ;  the  lowest  available  is  the  zero  potential  of  the  ea^t^ 
atid  so  we  put  the  outside  coating  to  eanli 
A  larger  charge  would  be  obtained  if  we  couW 
put  the  outside  to  a  —  potential. 

When  the  outer  coating   is   to    earth,  the 
charge  of  the  jar  is  determined  by  the  formuk 

Q=  K.V 
where  K  is  the  capacity  ol  the  jar,  and  V  is 
the  potential  of  the  inner  coating. 

Glass  is  used  for  several  reasons.  It  i' 
easy  to  make  glass  jajs ;  glass  has  a  higl 
specific  inductive  capacity  (see  Chapter  IX.|; 
and  the  jar  can  be  made  thin,  or  the  distance 
between  the  plates  small  and  therefore  the 
capacity  of  the  jar  large,  without  a  dischatge  | 
taking  place  through  the  glass.  1 

For  the  calculation  of  K,  as  well  as  for  the  units  in  which  V    ' 
is  measured,  the  reader  is  referred  to  Chapter  X. 

§  8.  Tne  Unit  Jar. — If  we  can  fix  the  capacity  of  a  jar  and  ihe 
difference  of  potential  between  its  two  coalings,  then  we  have 
fi\ed  the  charge  in  that  jar. 

A  unit  jar  is  a  small  Leyden  jar  of  some  convenient  shape ; 
usually  so  made  as  to  admit  of 
J.  [    9~ir^  ^^^^  cleaning  and  drying,  and 

^^^^^_i^^  I  to  insulate  well. 

^^^^Kbm^^I^^^-^  Connected  with  the  outside 

^^^^^K^^^c^^^*' »  is  a  knob  B,  and    connected 
^^^^^Hr  with    the  inside    is   a    knob  A, 

P  whose  distance  from  B  can  be 

regulated  by  sliding  jhe  piece 
A  C  along  the  graduated  rod 
DE. 

is  proved  experimentally 
that  the  distance  between  A 
and  B  across  which  the  jar  will  just  discharge  itself  is  directly 
pi'oportional  to  the  difference  of  potentia.1  bei-se^eYi  k  wvd  B. 
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(It  depends  also  on  the  curvature  of  the  knobs,  and  on  the  medium 
stween  A  and   B  ;   but   we   suppose  these  conditions  to  remain 
^oonstant.) 

Hence,  if  we  keep  the  distance  between  A  and  B  fixed,  the 
<iifiference  of  potential  between  A  and  B  at  the  moment  when  the 
jar  discharges  itself  in  a  spark  across  the  gap  A  B  w^ill  also  be 
■   fixed.     Let  us  now  put  the  outer  coating  of  the  jar  to  earth,  put  A 
atafixed  distance  (that  we  will  call  i)  from  B,  and  charge  the  jar 
.    t>y  placing  the  knob  D  near  the  prime  conductor  of  a  machine  ; 
and  let  us  suppose  that  it  takes  a  difference  of  potential  mea- 
sured by  Vi  for  a  spark  to  pass  from  A  to  B. 

Then  on  charging  the  jar  we  shall  shortly  perceive  a  brilliant 
c3ischarge  to  pass  from  A  to  B  ;  this  discharge  leaving  the  jar 
Vincharged.  At  the  moment  of  this  discharge  there  was  on  the 
inner  coating  a  charge  +  Qi  determined  by  the  relation 

Q.  =  K(V^-Vb) 
or,  by  hypothesis,  Q,  =  K  7'j. 

There  was,  on  the  inner  surface  of  the  outer  coating,  a  charge 
—  Q,  ;  and  there  had  passed  io  earth  a  quantity  +  Qj. 

Hence,  every  time  that  the  jar  discharges  itself,  the  +  Qi  and 
the  —  Qi,  that  are  opposed  to  each  other,  neutralise  each  other; 
while  there  has  passed  to  earth  a  quantity  +  Qi. 

If  we  put  A  and  B  at  a  distance  apart  twice  as  great  as  before, 
or  at  a  distance  2,  then  we  have  Q2  ==  K .  z'g  =  K. .  2  7^j  =  2  Q,. 

Let  us  now  see  how  the  unit  jar  is  used 

We  connect  the  outside  coating  of  our  small  unit  jar  with  the 
inside  of  a  large  Leyden  jar  whose  outer  coating  is  to  earth. 

If  we  now  work  the  machine,  then  each  time  that  the  unit  jar 
discharges  itself  we  know  that  a  certain  quantity  -f-  Qi  of  elec- 
tricity  has  passed  away  from  the  outside  of  the  unit  jar  into  the 
large  jar.  And  so,  by  counting  the  sparks  of  discharge  of  the 
unit  jar,  we  are  able  to  give  the  large  jar  a  charge  represented  by 
Qi,  2Q„  3Q„  &c. 

Comtuents  and  notes. — (i.)  We  ought  to  have  the  unit  jar  so  small  as  com- 
pared with  the  jar  to  be  charged,  and  the  knobs  A  and  13  at  such  a  distance 
apart,  that  a  considerable  number  of  discharges  of  the  unit  jar  may  take  place 
by  the  time  that  we  have  given  the  required  charge  to  the  large  jar.  For  we 
cannot  stop  charging  the  raometlt  that  a  spark  passes,  and  therefore  there  will 
always  be  a  fiactjon  of  -f  Q,  in  excess  given  to  the  large  jar. 
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(ii.)  We  have  said  that,  at  each  discharge  of  the  unit  jar,  a  quantity  +  Q] 
has  passed  into  the  large  jar.  This  is  not  accurately  true.  The  outside  oft 
unit  jar  is  a  small  conductor  at  a  considerable  distance  from  surrounding  bodiesti 
and  the  inside  of  a  large  jar  is  a  relatively  large  conductor  having  the  ontaj 
coating  of  the  jar  very  near  it  and  opposed  to  it.  These  two  form  one  cott-l 
(luctor  at  one  potential,  since  they  are  connected;  but  the  capacity  of  the  fiat  i 
is  negligibly  small  as  compared  with  that  of  the  second.  The  charge  +  Q^| 
distributes  itself  between  these  two  portions  of  the  conductor  in  the  ratio  of ' 
their  capacities.  Hence,  we  may  say  that  very  nearly  the  whole  charge,  that 
would  have  passed  to  earth  if  the  outside  of  the  unit  jar  had  been  to  eartli» 
will  have  passed  into  the  large  jar. 

(iii.)  It  requires  a  certain  difference  of  potential  v  for  a  spark  to  pass 
between  A  and  B.  If  then  A  is  connected  with  the  prime  conductor  of  the 
machine,  and  B  with  the  inside  of  a  large  jar,  we  cannot  charge  this  latter  np 
to  the  full  potential  of  the  prime  conductor,  but  to  a  potential  less  than  this 
by  the  amount  v, 

§  9.  Cascade  arrangement  of  Leyden  Jars. — P,  Q,  and  Rare 
three  Leyden    ars  mounted   on   insulated  stands,  arianged  'in 


cascade '  as  indicated  in  the  figure.  These  jars  must  be  equal  in 
capacity.  To  insure  this  we  may  take  one  jar  of  many  that  are 
presumably  equal,  and  then  by  comparison  choose  two  or  more 
others  equal  to  it.  If  we  give  a  certain  charge  to  our  jar  chosen, 
and  measure  the  potential  of  the  inside  (when  the  outside  is  to 
earth),  this  potential  ought  to  fall  to  one-half  when  the  knob  is 
connected  with  that  of  an  uncharged  equal  jar.  This  method  is 
employed  in  Chapter  IX.  §  4. 

But  for  rough  experimental  purposes  it  will  be  sufficient  to 
choose  the  jars  as  follows.  Let  an  electrical  machine  be  worked 
for  some  time  so  that  it  has  got  into  a  constant  condition.  Then 
charge  the  jars  in  question  with  a  j/w/Z/izr interposed,  as  shown  in 
the  last  section.  If  the  jars  refuse  further  charge  after  the  same 
number  of  discharges  of  the  unit  jar  have  taken  place,  then  their 
capacity  will  be  approximately  equal. 
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Having  arranged  our  three  (or  more)  jars  as  shown,  let  us 
'ork  the  machine. 

When  no  more  charge  will  pass,  then  the  inside  of  the  first  jar 
11  be  at  a  potential  V,  ;  which  will  be  that  of  the  prime  con- 
ctor,  or  something  less,  according  as  the  knob  is  or  is  not  in 
'-^contact  with  the  prime  conductor.  The  outside  of  the  first  jar  and 
^'.  tlie  inside  of  the  second  jar  (in  contact  with  the  former)  will  be  at 
'T  some  lower  potential  Vj.  The  outside  of  the  second  jar  and  the 
p  inside  of  the  third  will  be  at  a  still  lower  potential  Vg ;  and  the 
I  outside  of  the  third  will  be  at  zero  potential,  which  we  may  call 
t'   ^0  or  zero-V,  as  we  please. 

*  Now,  as  shown  in  the  last  section,  if  there  be  in  the  first  jar 

r  a  'bound'  charge  +  Q,  then  there  has  passed  into  the  second  jar 
£ilso  a  quantity  4-  Q,  and  from  the  outside  of  this  into  the  third 
jar  also  a  quantity  -f  Q,  if  we  neglect  the  trivial  *  free  *  charges  on 
the  outside  of  the  first  jar  and  on  the  knob  of  the  second  jar,  and 
50  on. 

That  is,  in  the  cascade  arrangement  we  have  of  necessity  equal 
charges  in  the  jar.  But  by  Chapter  VI.  §  4  (explained  further  in 
Chapter  X.)  we  have 

for  first  jar  Q  =  K  .  (V,  -  Vg) 
for  second  jar  Q  =  K  .  ( Vg  —  Vg) 
for  third  jar  Q  =  K .  ( Vg  -  Vo). 

So  that,  since  Q  and  K  are  the  same  for  each  jar,  we  see  that 
V,  -  V2  =  V,  -  V3  =  Vg  -  Vo  =^(V,  -  Vo). 

Hence  the  total  fall  of  potential  that  is  possible,  viz.  the  fall 
measured  by  V,  —  Vo  (or  by  V,,  since  we  take  Vq  as  our  zero), 
has  been  broken  up  into  three  equal  falls. 

(This  is  somewhat  like  the  breaking  up  of  a  large  waterfall 
into  three  smaller  ones.) 

Now  let  us  consider  the  charge  Q'  that  is  given  to  one  of  these 
jars  when  its  outside  coating  is  to  earth  and  its  inside  coating  is  at 
the  potential  V|  of  the  prime  conductor ;  i.e.  its  charge,  when  ir 
has  been  charged  in  the  usual  way.     By  our  formula  we  shall  have 

Q'  =  K  .  (V,  -  Vo). 
But  by  what  has  preceded  we  see  that  this  equals  3  Q.    Hence 
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We  see  then  that  the  sum  of  all  the  charges  given  to  the  jars, 
when  these  are  arranged  in  cascade,  equals  the  charge  given  to  a 
single  jar  when  this  is  treated  in  the  usual  manner. 

The  above  reasoning  can  readily  be  extended  to  any  number 
wjars.  For  iurther  on  the  'cascade  arrangement'  the  reader  is 
referred  to  Chapter  X.  §  30. 

§  10.  Nature  of  the  Leyden  Jar  Charge. — 't  is  now  time  to 
investigate,  as  far  as  we  are  able,  what  is  meant  by  the  expression 
'an  electric  charge.'  All  that  we  have  hitherto  observed  indicates 
that  neither  '  +  charges,'  nor  '  —  charges,'  can  exist  by  them- 
selves ;  but  that  there  must  always  co-exist  two  equal  charges  of 
opposite  sign.  In  fact,  it  would  seem  that  in  all  electrostatic 
phenomena  there  must  be  a  +  charge  and  an  equal  —  charge, 
separated  by  some  insulating  medium  called  a  dielectric.  It  is  pro- 
bable that  in  the  case  of  two  conductors  thus  separated  by  a 
dielectric  it  is  the  surfaces  of  the  dielectric  in  immediate  contact 
with  the  conductors  that  are  in  the  condition  that  we  have  called 
'  +  charged '  and  '  —  charged  '  respectively  ;  though  it  is  usual, 
and  perhaps  more  convenient,  to  speak  of  the  conductors  them- 
selves as  so  charged. 

Various  experiments  tend  to  show  that  the  dielectric  is,  under 
these  conditions,  subjected  to  a  stress ;  and  to  this  it  yields  to  a 
greater  or  less  degree,  becoming  deformed  or  strained. 

The  conductors  appear  to  play  somewhat  the  following  part. 
They  mark  out  the  portion  of  the  dielectric  that  can  be  converted 
into  an  electric  field  and  can  be  put  under  a  stress  ;  and  they 
allow  this  stress  to  be  imposed  or  taken  away  with  rapidity.  If 
the  stress  be  continued  for  a  sufficient  time,  it  is  found  that  all 
solid  dielectrics  become  strained  (or  distorted)  to  an  appreciable 
distance  from  the  conducting  surfaces  ;  and  that  then  the  strain 
cannot  at  once  be  removed,  or  the  '  condensor '  cannot  be  at  once 
discharged.  Some  of  the  stress  remains  and  must  be  allowed  to 
be  relieved  gradually.  This  gives  rise  to  the  '  residual  charges ' 
discussed  below. 

Experiments.-  (i.)  Leyden  jar  with  moveable  coatings. — A  is  a  Leyden  jar 
so  constructed  as  to  be  separable  into  three  portions ;  B  the  glass  jar,  D  the 
inside  coating,  and  C  the  outside  coating. 

The  jar  is  put  together,  charged  as  usual,  and  then  placed  on  an  insulating 
stand.     The  inside  is  then  removed,  a  small  charge  coming  away  with  it,  and 
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a  smalt  charge  being  'set  free'  on  llie  outside  coating.  Then  the  gloss  is 
lifted  cul  of  its  outer  coating  and  set  down  on  the  table,  and  finally  the  outer 
coaling  may  be  handled  and  removed.  In  all  this  we  notice  but  veiy  slight 
discho^es  on  touching  U  and  C  respectively. 


On  carefully  putting  the  whole  ti^elher  again  (on  the  insulating  stand),  a 
discha^ng  rod  (fig.  ii. )  will  show  us  that  the  whole  charge  of  the  condenser  has 
been  (approximately)  unaffected  by  the  above  process.  Hence,  since  the  coalings 
It  and  C  were  separately  put  to  earth  by  handling,  the  charge  of  the  condenser 
must  have  resided  in  the  glass.  We  could  not,  how- 
ever, discharge  the  glass  by  itself;  it  was  necessary  to 
have  the  metal  coatings  as  distributors. 

(ii.)  Residual  f^orjT-— The  penetration  of  the 
charge,  from  the  surfaces  inwards,  is  shown  by  the 
following. 

If  a.  Leyden  jar  be  discharged  and  then  left  for 
a  time,  a  second  small  discharge  can  \ie  obtained, 
and  so  on. 

Thai  the  interior  of  the  glass  is  actually  strained 
in  distorted  is  shown  by  the  fact  that  its  optical  pro- 
perties, when  it  is  under  the  electrical  stress,  undergo 
an  alteration  similar  to  or  identical  with  that  produced  '  "'*  "* 

liy  mechanical  stress. 

When  the  electrical  stress  is  excessive,  the  material  may  give  way  and  a 
hole  may  be  made  ;  through  this  a  discharge  takes  place,  since  the  air  which 
then  separates  the  two  charges  is  far  weaker  to  withstand  Ihe  stress  than  is  glass. 

§  II.  VarioosEffectsof  the  Discliargre.— The  Leyden  jar  gives 

us  a  means  of  observing  the  effects  of  electrical  discharge.  There 
is  nothing  essentially  different  between  the  discharge  between  the 
prime  conductor  and  the  floor  and  walls,  where  was  collected  the 
induced  chat^e  of  opposite  sign,  and  the  discharge  between  the 
inner  and  outer  coatings  of  the   Leyden   jar.     Only  the   latter 
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gives  us  a  means  of  storing  up  quantities,  ready  for  discharge, 
enormously  greater  than  we  should  get  did  we  discharge  the  prime 
conductor  only. 

I.  Mechanical  effects. 

Piercing  card^  &^c. — In  several  of  these  experiments  we  make  use 
of  a  discharging  table.  Its  construction  is  evident  from  the  figure. 
One  rod,  A,  is  connected  with  the  outside  C  of  the  jar,  or  battery  of 
jars,  and  the  other,  B,  can  be  connected  with  the  inside  D  of  the  jar 


Fig.  I. 


or  battery  by  means  of  an  insulated  discharging  rod  E.  The  battery 
is  charged,  a  piece  of  card  placed  between  the  points  of  the  rods  A 
and  B,  and  then  connection  made. 

If  the  pierced  card  be  examined,  it  will  be  seen  that  the  hole  has 
been  apparently  formed  by  an  explosion  from  inside,  due  to  the  sudden 
expansion  of  air,  or  to  sudden  vaporisation  of  water  in  the  inside  of 
the  card.  Whatever  the  cause,  it  may  help  the  reader  to  remember 
that  'the  passage  of  a  spark'  is  an  expression  hardly  authorised  by 
our  knowledge  ;  the  discharge  may  take  place  from  +  to  — ,  or  from 
-  to  + ,  or  may  be  a  series  of  alternate  discharges,  or  may  be  of  some 
dual  nature  not  represented  by  any  of  the  above  suppositions. 

II.  Magnetic  effects. 

Experiment.— ((i.)  In  fig.  ii.,  A  B  is  a  wire  along  which  the  discharge  can 
be  effected.  If  we,  for  convenience,  agree  to  say  that  by  the  *  direction  of  a 
discharge '  we  mean  that  direction  in  which  the  +  charge  would  move  in  order  to 
meet  the  —  charge,  then  in  fig.  ii.  the  discharge  is  from  B  to  A.  This  expres- 
sion, *  direction  of  discharge,'  is  not  here  assumed  to  have  a  real  physical 
meaning,  but  is  employed  in  order  to  save  confusion. 

«  J  is  a  piece  of  steel  placed  at  right  angles  to  the  wire  B  A,  and  under- 
neath it.  After  discharge  it  will  be  found  that  the  steel  is  magnetised  in  the 
way  shown.  That  is,  if  we  swim  with  the  -f  electricity  and  face  the  steel  bar^ 
the  induced  north  pole  will  be  found  at  our  left  hand. 
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Experiments  of  this  sort,  and  similar  ones  made  with  steel  filings  on  glass, 
>w  us  that  round  a  wire  bearing  a  discharge  are  lines  of  magnetic  force ; 
are  circles  round  the  wire  as  axis,  and  their  -+•  and  —  direction  is  cleany 
^ven  by  the  italicised  rule  above.     (Compare  also  Chapter  XVII.  §§  i  and  2.) 


t  IG.  11. 


Fig.  iii. 


The  reader  can  verify  this  rule  when  he  has  determined  the  sign  of  the 
charge  on  the  prime  conductor  of  his  machine. 

(ii. )  We  may  {see  fig.  iii. )  intensify  the  effect  by  coiling  a  wire  round  a 
glass  tube  in  which  lies  tne  steel  needle.  The  above  rule  will  be  found  true, 
and  it  will  be  seen  to  be  equivalent  to  saying  that  if  we  fate  one  end  of  the 
spiral  coiled  ronnd  the  tube,  the  needle  will  have  been  made  n  or  s  at  that  end, 
according  as  the  discharge  so  viewed  is  against  or  ivith  movement  of  the  hands 
of  a  ivatch,      A  reference  to  Chapter  XVII.  §  2  will  make  the  rule  clear. 

This  experiment  is  one  of  the  many  that  link  together  the  electrostatical  and 
electrodynamical  divisions  of  our  subject. 

III.  Heating  effects. 

Experiment.  — {\.)  The  brilliant  light  of  the  discharge,  and  the  fact  that 
discharges  over  the  dust  of  various  metals  scattered  over  a  glass  surface  give 
the  well-known  spectrum  of  each  metal  respectively,  indicate  that  in  the  dis- 
charge there  is  an  elevation  of  temperature  sufficient  to  volatilise  metals  and 
other  bodies,  and  to  raise  the  vapours  to  brilliant  incandescence. 

By  experiments  easily  contrived  we  may  reduce  a  platinum  wire  to  fused 
drops  ;  or  may  volatilise  gold-leaf  between  two  well  dried,  and  therefore  in- 
sulating, cards. 

Experiment.  — {\\,)  Ignition  of  gunpvivder, — If  we  place  gunpowder  on  the 
small  table  of  the  discharger,  between  the  points  of  the  discharging  rods,  we  find 
that  the  discharge  merely  scatters  it. 

But  if  we  interpose  between  A  and  C  a  substance,  such  as  wet  string,  which 
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conducts  worse  than  does  a  metal,  we  find  that  the  discharge  will  ignite  the 
powder.  We  conclude  that  this  retards  the  discharge  and  gives  sufficient 
heating  effects  without  such  violent  mechanical  disturbance. 

IV.  Chemical  effects. 

The  subject  of  chemical  decompositions  may  be  left  until  we  come  to  it 
under  the  head  of  *  Phenomena  of  electric  currents,'  in  Chapters  XI.  and  XII. 

It  will  suffice  here  to  say  that  if  we  keep  to  the  convention  given  above,  as 
to  which  we  shall  call  the  direction  of  discharge,  then  the  chemical  phenomena 
given  later  on  in  Chapter  XI.  could  be  repeated  with  similar  though  less 
striking  results  if  we  substituted  a  series  of  discharges  for  the  continuous 
currents  employed  in  that  chapter. 

§  12.  Induction  Effects  of  the  Discharge. 

Note.  —This  section  may  be  omitted  until  the  student  has  read  Chapter  XXI. 

We  will  first  give  a  general  account  of  the  phenomena  that  are 
the  subject  of  this  section,  and  will  then  describe  how  these 
phenomena  may  be  observed. 

If  a  discharge  be  effected  along  a  wire  B  A,  it  is  found  that  at 
the  moment  of  discharge  there  passes  along  a  wire  C  D,  placed 

parallel   to  B  A  and  near  to  it,  an  in- 
duced discharge. 

Further  examination,  in  which  we 
are  aided  by  results  of  experiments  with 
the  more  manageable  currents  given  by 
voltaic  batteries,  shows  us  that  the  phe- 
nomenon is  not  a  simple  one. 

It  is  found  that  in  C  D  are  induced 
two  rushes  of  electricity  ;  one  answering 
to  a  discharge  of  +  electricity  from  D 
to  C,  one  in  the  contrary  direction. 

It  would  seem  that  these  two  induced 
rushes  of  electricity  are  equal  in  total 
amount  of  electricity  ;  but  that  the  rush  from  C  to  D,  or  that 
whose  direction  is  the  same  as  that  of  the  inducing  discharge 
from  B  to  A,  is  the  more  violent  in  character. 

If  we  interpose  a  sufficient  gap  in  the  circuit  C  D  E,  we  find 
that  the  direct  induced  discharge  (or  that  passing  from  C  to  D) 
will  leap  over  the  gap  in  the  form  of  a  spark  ;  while  the  inverse 
induced  discharge  (or  that  passing  from  D  to  C)  will  not  pass, 
but  will  be  suppressed. 


Fig. 
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t  Comparing  with  the  results  obtained  in  Chapter  XXL,  where 
employ  electrical  currents  over  whose  increase  and  decrease  we 
ve  complete  control,  it  would  seem  that  as  the  discharge  from 
tto  A  begins,  there  is  induced  a  rush  in  the  contrary  direction 
im  D  to  C  ;  while  as  the  dischar(;e  from  B  to  A  fades  away, 
;re  is  induced  a  rush  from  C  to  D  in  the  same  direction. 
It  would  seem  also  that  the  direel  induced  rush  from  C  to  1) 
the  more  violent  of  the  two,  for  the  reason  that  the  cessation  of 
;inducing  discharge  in  B  A  is  more  abrupt  than  its  commence- 
■.  "**ient  The  inducing  current  is  called  t.)\e  primary  ;  the  induced 
'    is  called  the  secondary  current. 

j  -  E:cf«riiiunls.—la  ihe  figure,  X  represents  a  screen  of  card  or  of  gloss,  on 
».  the  fiirther  side  of  which  is  fixed  a  '  primary  '  spiral  of  wire  ihrough  w  hicli  a 
^       Ijyden  jar  dischiree  can  be  passed.     On  the  nearer  side  of  the  si 


another,  'secondary,'  spiral  of  wire,  parallel  to  the  other  but  separated  from  it 
by  the  glass  or  card.  The  ends  of  this  last  wire  are  connected  with  the  ends 
oi  a  wire  coiled  round  a  tube,  C  D. 

Then,  by  placing  steel  needles  inside  the  tube  C  D,  we  can  {\iy  the  results 
obtained  in  the  last  section]  examine  the  direction  of  the  current  induced  in 
the  secotldaiy  spiral.  Thus,  if  the  end  P  of  the  needle  were  found  to  be  a 
north  pole,  it  would  mean  that  the  current  passed  in  the  general  direction  (xowv 
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P  to  Q  i  since  then,  if  one  swam  with  the  current  and  looked  at  ih 
the  north  pole  would  be  to  (he  left  {see  the  rule  given  in  last  section) 

We  shall  find  that  when  there  is  no  break  in  (he  secondaiy  circuit  itrat 
a  weak  magnetising  action  making  the  end  P  the  north  pole.  This  iraplio 
JWa/ magnetising  action  as  of  a  current  in  the  opposite  direction  to  tl 
primary  circuit.  Without  further  experiment  this  would  indicate  merelji 
weak  inverse  current  induced  in  CD.  Other  experiments  show  uslkl»| 
regards  quantity  of  current  in  C  D  there  is  really  a  zero  total,  tho^l  llt| 
inverse  current  is  the  more  effective  as  rt^rds  magnetising  powers.  Bntifi! 
make  a  small  break  in  the  secondary  circuit,  such  as  wili  just  allowabtsll| 
spark  to  pass,  we  find  a  relatively  powerful  magnetising  effect,  making  Qi' 
north  pole.     This  indicates  thai  now  there  is  in  C  D  a  powerfully  indued 


;  needed  to  beaioiil 


§  13.  Wheatstone's  Spark-board. — This  was  a  piece  ofap 
laratus  designed  to  investigate  whether  the  spark  of  dischaiEf 
had  any  appreciable  duration,  whether  the  discharge  passed  ftom 
one  coating  to  the  other  or  from  both  simultaneously,  and  i;ill 
what  velocity  it  traversed  such  conductors  as  copper  bell-nirt 
'I'he  apparatus  is  sketched  in  the  accompanying  diagram,  in  whic 
the  reader  is  supposed  to  be  viewing  it  from  above. 


In  fig.  i.,  L  is  a  Leyden  jar.  The  discharge  takes  pla 
through  the  circuit  Pa^ftfe/Q;  so  that  sparks  appear  at  tl 
three  breaks  a^,  cd,  and  ef. 

Between  6  and  c,  rf  and  e,  are  coils  of  wire  of  the  same  knoT 
thickness  and  length,  say  r.ooo  moires  of  common  copper  be 
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dre.  Between  a  and  P,  /  and  Q,  there  should  be  wire  of  the 
same  thickness  and  length  respectively.  In  fig.  ii.,  «  is  a  small 
plane  mirror  revolving  on  a  horizontal  axis  that  lies  parallel  to  the 
!ine  of  the  three  sparks  al>,cd,  and  ef. 

Above  it  is  a  horizontal  screen  of  ground  glass,  marked  out  in 
d^rees  in  a  manner  indicated  later  on. 

The  mirror  can  be  made  to  revolve  rapidly,  its  rate  of  revolu- 
tion being  indicated  by  clockwork  or  by  the  musical  note  produced 
by  its  striking  a  fine  metal  wire. 

If  the  discharges  take  place  very  rapidly,  then  a  person  looking 
down  from  above  will  see  some  of  the  sparks  reflected  in  the 
rnirroras  it  passes  through  the  position  proper  for  reflection  of  the 
sparks  to  the  eye  ;  others  of  the  sparks  will  not  be  seen,  owing  to 
ihe  mirror  being  unsuitably  situated  at  the  moment  of  their 
occunence. 

The  rotation  of  the  mirror  will  of  course  distort,  by  '  drawing 
out'  m  the  direction  of  the  motion  any  spark  that  lasts  an 
appredable  time  ;  t  e  that  lasts  while  the  mirror  has  moved 
apprecLably. 

Now  It  IS  found  that,  for  moderate  rates  of  revolution  of  the 
mirror,  we  see  on  the  screen  X  Y   merely  three  points  of  light, 


lying  parallel  to  the  sparks  of  which  they  are  the  images,  as 
represented  in  fig.  iii. 

But  when  the  mirror  revolves  with  sufficient  rapidity,  we  see 
these  points  '  drawn  out '  into  three  lines  of  equal  length,  covering 
a  number  of  degrees  on  the  plass  screen  that  is  definite  for  each 
definite  rate  of  revolution  of  the  mirror,  as  indicated  in  fig  iv. 

Further,  we  see  that  the  bright  lines  answering  to  the  sparks 
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ab  and  ^/have  their  ends  lying  in  a  direction  parallel  to  the  line 
of  sparks,  while  the  bright  line  answering  to  the  spark  cd  is 
displaced  as  shown. 

This  shows  (i.)  that  the  duration  of  the  spark  is  such  that  the 
mirror  turns  through  an  appreciable  angle  while  it  is  reflecting; 
and  (ii.)  that,  whereas  the  sparks  ab  and  ^/ occur  simultaneously, 
the  spark  c  d  occurs  later  than  either. 

The  fact  that  the  spark  has  duration  was  perhaps  obvious 
beforehand;  we  cannot  conceive  of  'no  duration.'  But  this 
apparatus  gives  us  a  measure  of  the  duration  of  a  spark  under 
any  particular  conditions  of  distance  between  a  and  ^,  and  nature 
of  the  intervening  gas. 

But  the  fact  that  the  lines  answering  to  the  sparks  a  b  and  tj 
are  still  similarly  situate  shows  that  these  occur  simultaneously, 
and  that  the  discharge  is  of  the  dual  nature  indicated  before,  and 
that  when  we  speak  of  its  *  passing  from  one  coating  of  the 
jar  to  the  other '  we  are  but  using  a  convenient  convention. 

§  14.  The  Condensing  Electroscope. — Before  concluding  this 
chapter  on  condensers^  we  must  describe  the  *  condensing  electro- 
scope,' a  piece  of  apparatus  in  which  the  principle  of  experiment 
(v.)  of  §  2  in  this  chapter  is  made  use  of.  If  the  reader  will  turn 
to  the  figure  to  Chapter  XI.  §  3,  he  will  there  see  the  apparatus  in 
question  represented. 

On  the  plate  N  of  a  gold-leaf  electroscope  is  placed  another 
plate  M,  separated  from  the  first  by  a  thin  insulating  film  of  shellac. 

When  M  is  put  to  earth,  the  plate  N  considered  by  itself  will 
have  a  capacity  very  large  as  compared  with  its  capacity  when 
'  isolated.'  Hence,  if  it  and  the  gold  leaves  are  raised  to  a  very 
low  potential  when  M  is  to  earth,  the  charge  that  it  has  received 
will  suffice  to  raise  it  to  a  potential  many  times  greater  when  M  is 
removed.  Thus  the  leaves,  which  did  not  stir  when  at  some 
small  difference  v  from  zero,  may  diverge  widely  when  this  has 
been  multiplied  to  (say)  500  v. 

We  can,  in  fact,  multiply  any  potential  v  by  the   fraction, 

capacity  of  N,  when  M  is  on  it,  and  is  to  earth 
capacity  of  N  when  isolated 

§  15.  varlons  Forms  of  Electrical  Discharge. — We  have  many 
times  alluded  to  the  passage  of  a  *  spark '  or  *  disruptive  electrical 
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discharge.'    It  may  not  be  out  of  place  to  enumerate  a  lew  of  the 
forms  in  which  this  discharge  may  take  place. 

I.  The  ordinary  spark, — When  we  approach  the  finger,  or  anj 
other  conductor,  to  the  prime  conductor  of  a  machine,  or  to  any 
other  conductor  that  is  of  a  high  potential  but  has  not  a  very 
great  capacity,  the  discharge  usually  takes  place  in  the  form  of  a 
jagged  spark  of  no  very  great  luminosity.  If  the  opposed  surfaces 
be  of  very  gentle  curvature,  as  e.g,  two  spheres  of  large  radius,  the 
spark  will  be  straighter  and  more  brilliant  In  both  cases  there 
will  be  heard  a  sharp  crack  or  other  report. 

II.  The  Leyden  jar  discharge, — In  the  Leyden  jar  we  have 
stored  up  a  quantity  of  electricity  that  is  very  great  as  compared 
with  that  stored  on  any  ordinary  isolated  conductor.  In  Leyden 
jar  discharges  the  spark  is  usually  very  brilliant  and  dense  in 
appearance,  and  much  straighter  than  in  case  (i.)  above.  Moreover, 
the  sound  is  very  strident. 

III.  The  brush  discharge, — If  any  projecting  part  of  the  prime 
conductor  of  a  machine  be  of  very  sharp  curvature,  or  still  more 
if  it  be  pointed,  the  discharge  from  this  part  will  be  in  the  form 
of  a  beautiful  faintly  luminous  brush,  and  this  discharge  will  be 
nearly  or  quite  silent. 

IV.  Discharge  ^  in  vaaio,^ — When  the  discharge  takes  place 
through  a  tube  or  other  vessel  in  which  the  air  or  other  gas  is 
very  rare,  the  whole  tube  is  filled  with  a  faint  luminosity,  and 
there  is  no  sound. 


^.^'i*^^^ 
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CHAPTER   VII. 

INDUCTION   MACHINES. 

§  I.  Some  farther  Propositions  in  the  Theory  of  FotentiaL- 
Still  pursuing  our  system  of  introducing  more  and  more  of 
theory  of  potential  as  we  require  it,  we  shall  here  discuss  certaii 
points  that  we  must  make  clear  before  we  can  rightly  understai 
the  theory  of  induction  machines. 

By  induction  machines  we  mean  those  pieces  of  apparatus  by| 
means  of  which  we  can  obtain  continuous  supplies  of  +  and  -  elec- 
tricity without  any  friction  or  chemical  action  ;  the  essentials  being 
(i)  an  initial  supply  of  electricity  that  can  act  inductively  on  con- 
ductors placed  near  to  it,  and  (2)  mechanical  work  to  effect  such 
movements  of  the  parts  of  the  apparatus  as  shall  give  us  continuous 
action.  The  common  electrophorus  is  the  simplest  form  of  such  a 
machine  ;  and  the  reader  can  see  how  it  differs  in  principle  from  a 
frictional  machine,  though  in  both  cases  mechanical  work  is  the  source 
of  energy. 

(i.)  There  is  no  field  of  force  inside  a  simple  closed  conductor— 
If  we  have  a  simple  closed  conductor,  that  is,  a  closed  vessel  con- 
taining no  insulated  charged  bodies,  it  can  be  shown  experiment- 
ally that  there  is  no  field  of  force  inside  it,  or  that  it,  and  all  the 
space  inside  it,  are  at  one  potential. 

(ii.)  Concerning  partially  closed  vessels, — If  we  experiment  with 
a  partially  closed  vessel,  such  as  a  tin  pail  whose  height  is  greater 
than  the  diameter  of  the  mouth,  and  if  it  be  placed  so  that  tho-e 
external  objects  which  are  oi)posite  to  the  opening  are  relatively 
remote,  then  we  shall  find  that  there  is  no  appreciable  field  of 
force  in  the  inside  of  the  vessel. 

(iii.)  Insulated  uncharged  conductors  inside  a  vessel, — If  into  the 
inside  of  a  charged  vessel  there  be  introduced  an  uncharged  con- 
ductor,  there  is  nothing  to  alter  the  fact  of  the  potential  being  the 
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same  throughout.  The  insulated  conductor  is  in  a  region  of  no 
field  of  force,  and  hence  there  is  no  inductive  action  between  it 
and  the  charged  vessel.  The  conductor  is  at  the  same  potential 
as  this  vessel  and  the  space  inside  it. 

(iv.)  An  insulated  uncharged  conductor  partially  inside  a  vessel, 
—Let  A  be  an  insulated  vessel  charged  + ,  and  let  B  be  an  insu- 
lated uncharged  conductor  partly  inside  and  partly 
outside  the  vessel. 

The  conductor  B  must  be  at  one  potential ; 
and  yet  the  one  end  is  more  remote  from  the 
vessel  than  is  the  other  end. 

As  in  Chapter  IV.  §  14  (i.),  and  in  Chapter  VI. 
§  2  (i.),  there  will  be  a  redistribution  of  electricity 
on  B,  there  being  a  —  charge  on  the  end  inside  A, 
and  the  complementary  +  charge  on  the  end  outside 
A ;  the  whole  of  B  being  at  a  potential  below  that  of 
A  but  above  that  of  the  earth.  There  will  be  also  inside  A  a  portion 
of  its  +  charge  equal  to  the  —  charge  induced  on  the  lower  end  of  B. 

All  this  can  be  shown  experimentally.  It  is  what  we  should 
expect  from  Chapter  VI.  §  2  (i.). 

(v.)  An  earth-connected  body  inside  a  vessel. — If  the  body  B  be 
put  to  earth,  it  will  be  at  zero  potential.  As  in  Chapter  VI.  §  2 
(ii.),  we  shall  find  that  it  now  has  a  —  charge  greater  in  amount 
than  the  —  charge  in  the  last  case. 

(vi.)  Two  vessels  at  different  potentials  ;  a  conductor  inside  each 
of  them, — If  we  have  two  vessels  A  and  B  at  potentials  +  V  and  —  V, 
there  being  an  insulated  con- 
ductor (initially  uncharged)  in- 
side each  of  them,  and  if  these 
conductors  be  joined  by  a  con- 
ducting wire,  it  is  not  difficult  to 
predict  what  will  take  place. 

The  conductor  C  will,  before 
joining,  be  at  +  V,  and  D  will 
be  at  —  V.  Hence,  when  they  are  brought  to  the  same  poten- 
tial by  joining,  there  will  be  a  discharge  between  C  and  D ;  C  will 
become  charged  —  ly,  and  D  will  become  charged  +ly. 

Further,  if  we  now  disconnect  C  and  D  and  lift  them  still  in- 
sulated from  the  vessels,  and  drop  C  into  B  and  D  into  A,  they 
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will  give  up  the  above-named  charges,  and  the  difference  of  poten- 
tial between  A  and  B  will  be  still  further  increased. 

§  2.  Application  to  Induction  Machines.— The  above  shows 
us  that  we  have  a  means 

(i.)  Of  getting  an  unlimited  number  of  electrical  discharges 
(viz.  between  C  and  D), 

(ii.)  Of  indefinitely  increasing  the  difference  of  potential  be- 
tween two  (hollow)  conductors, . 

at  the  expense  of  mechanical  work.  For  we  have  merely  to  repeat 
indefinitely  the  cycle  of  operations  indicated  above  ;  and  we  shall 
thus  get  a  series  of  discharges  between  C  and  D,  each  more 
vigorous  than  the  last,  and  shall  be  increasing  the  difference  of 
potential  between  A  and  B. 

It  remains  to  discuss  some  convenient  arrangements  designed 
to  repeat  continuously  and  rapidly  such  a  cycle  of  operations. 

Note. — In  what  follows  we 
shall  use  the  symbol  AV  to 
denote  difference  of  potential, 

§  3.  Sir  W.  Thomson's 
Water-dropping  Accumu- 
lator.— In  the  arrangement 
to  be  described  in  this 
section  there  are  two  points 
to  be  noticed. 

First :  we  make  no  use 
of  the  discharges  spoken  of 
above ;  we  only  aim  at  in- 
creasing the  AV  between 
two  (hollow)  conductors 
that  are  initially  at  a  small 
AV. 

Secondly :  instead  of  two 
vessels  we  have  four,  con- 
nected in  pairs  so  as  really 
to  form  two. 

The  accompanying 
figure  is  a  sectional  sketch  of  the  apparatus  in  question.  The  two 
pairs  of  vessels,  A  A'  and  B  B'  respectively,  are  at  a  certain  A  V  as 
indicated  by  the  +  and  —  signs. 


CH.V1I.  INDUCTION   MACHINES  IO3 

In  A  and  B  are  the  ends  C  and  D  of  water-pipes. leading  from 
a  supply  that  is  at  the  zero  V  of  the  earth.  So  that  C  and  D 
will  be  charged  inductively  with  —  and  +  electricities  respectively  ; 
the  orifices  being  so  small  that  the  water  breaks  away  in  detached 
drops,  so  that  these  drops  are  continually  carrying  away  —  and 
+  charges  respectively.  They  are  caught  by  funnels  in  the  in- 
terior of  B'  and  A'  respectively  ;  and  so  they  give  up  their  charges 
to  these  vessels,  before  dropping  away  to  waste.  The  reader  will 
see  that  it  is  essential  for  the  water  to  fall  in  drops. 

Hence  B'  and  B  are  being  continually  charged  with  — ,  and 
A!  and  A  with  -f  electricity ;  and  therefore  the  A  V  between  A 
and  B  will  continually  increase. 

It  is  important  to  notice  that  this  increase  of  A  V,  both  in  this 
apparatus  and  in  the  Holtz,  Voss,  and  other  machines,  pro- 
ceeds on  compound  interest  principles.  For  as  the  A  V  between 
A  and  B  increases,  so  will  the  respective  inductive  actions  of  A 
and  B  on  C  and  D  increase  ;  and  so  will  the  drops  carry  away 
charges  of  increasing  magnitude. 

The  reader  should  also  notice  that  we  cannot  avail  ourselves 
of  the  discharge  between  C  and  D  spoken  of  in  §  2  (i.) ;  for,  since 
C  and  D  are  permanently  connected,  the  rearrangement'  of  elec- 
tricities between  C  and  D  is  continuous  and  not  disruptive. 

The  question  will  occur,  *  Whence  do  we  derive  our 
energy  ?  '    The  answer  is  as  follows. 

The  raised  water  supply  represents  a  certain  quantity  of 
mechanical  potential-energy  ;  and,  as  the  water  drDps  to  a  lower 
level,  we  should  get  heat  developed  equivalent  to  the  potential- 
energy  that  is  lost.  But,  owing  to  electrical  attractions,  the 
water  drops  are  pulled  upwards,  and  so  fall  more  gently  than 
they  otherwise  would  ;  thus  giving  out  less  heat.  The  electrical 
potential-energy  gained  is  the  equivalent  of  the  heat  thus  lost. 
I  n  fact,  we  may  say  that  the  energy  used  is  part  of  that  expended 
in  the  original  raising  of  water  to  the  level  of  our  supply  (for^, 
•  Energy,'  see  Chapter  X.). 

§  4.  Valley's  Indnction  Machine. — In  this  piece  of  apparatus 
we  have  two  hollow  vessels,  and  metal  carriers  instead  of  drops  of 
water. 

In  the  figure  the  in^^ulated  hollow  vessels  <?<?,  e^e,,  are  repre- 
sented with  their  front  halves  removed,  so  as  to  expose  to  view  the 
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carriers,  &c.     In  reallly  they  are  flat  huUow  vessels  through  which    I 
the  carriers  c  c  pass.  I 

These  carrievs  are  mounted  on  an  insulating  disc  of  ebonite.     I 
When  each  carrier  has  just  entered  an  armature   (the  hollow 
pieces  t  e  and  if,  e,  are  called 
armatures),    it    touches  a 
projection  g  o\  g   and  so 
gi^es  up  any  chaise  it  has 
to  that   a  mature       W  hen      ■ 
halfway  through  the  arma 
ture    It   bi-comes  momen 
taril>    connected    with  the 
dian  etri  ally  opposite  car 
ritr  by  means  of  a  metal 
piece    k  h        1  his    metal 
piece  is  insulated,  and  it: 
ends  h  and  //,  pass  through 
holes    in    the    armatures, 
w   hout  touching  them. 
Action.  —  Initially    the 
n  atures  n  ust  be        d  1       n  a's     we  may  suppose  one 

o  be  a   +     and  h    o  he        — 

\  hen  a  1"  of  a  er  a  e  onn  ed  by  the  conductor  h  h, 
hej  11  be  edu  ed  o  he  sa  e  po  en  1  and  therefore  will  be- 
come charged  — 1>  and  +lj  respectivel). 

As  the  disc  turns,  these  carriers  are  again  insulated  ;  and  so 
they  carry  away  the  charges  accjuired,  and  deliver  them  up  to  the 
other  armatures  resjiectively  by  contact  with  the  Icnobs  g,  and  g. 

Thus  the  A  V  of  the  two  armatures  will  continually  increase. 
^\'hen  the  i  V  is  large  enough  we  may  introduce  a  break  into  the 
conductor  hh, ;  we  shall  then  see  the  electrical  readjustment  be- 
tween each  pair  of  opposite  carriers  take  place  disruptively,  a 
s[)ark  leaping  over  the  break  made. 

§  S-  Sir  W.  Thomson's  Repleniaher.— This  is  a  small  piece  of 
apparatus  used  to  keep  up  the  potential  of  the  Leyden  jar  with 
which  the  needle  of  the  quadrant  electrometer  is  connected.  We 
here  desire  a  slow  action,  and  do  not  aim  at  powerful  action. 

The  figure  shows  that  the  armatures  ee^  are  hardly  to  be  called 
'hollow  vessels';    they  are    merely  metal    plates  bent  into  a 
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qlindrical  form.     They  do  not  therefore  act  so  powerfully  on  the 

carriers  C  C,,  since  these  are  never  enclosed  by  them  ;  nor  do  the 

atfiere  give  up  all  their  charge  to  the  armature  when  in  contact 

with  it.     The  action,  therefore,  is  less  vigorous,  but  sufficient  for 

ihe  purpose.     After  §  4  it  will 

be  sufficient  to  point  out  one 

or  two  details. 

(i.)  One  armature  is  ])er- 

manently  put  to  earth. 

(ii.)  The    conductor    that 

connects    the    two     carriers 

H-hen  they  are  inside  the  two 
srinatures  is  insulated.  It  is 
roniinuous  ;  a  break  being 
only  for  th:;  purixise  of  ob- 
taining phenomena  of  dis- 
charge, which  are  not  wanted 
here. 

The    reader   should,    by 
reasoning  out  the  action,  discoi 

uninsulated  when  1; and  rf,  are  insulated;  while  it  must  be  i 
laied  if  either  ^  or  f ,  be  put  to  earth. 

§  6.  The  VoM  Haohine. — With  regard  to  the  more  complex 
induction  machines,  the  Voss,  the  Holtz,  and  others,  it  may  be 
said  that  no  mere  verbal  description  is  enough  to  enable  a  student 
to  understand  the  action  ;  any  such  description  should  be  read  by 
him  with  the  machine  actually  before  him. 

Further,  the  theory  of  these  machines  is  by  no  means  in  a 
satisfactory  condition.  This  is  due  mainly  to  two  causes.  In  the 
first  place,  we  no  longer  have  hollow  armatures  into  which  the 
carriers  pass,  and  concerning  which  the  theory  is  simple  ;  the 
armatures  are  now  plane  pieces  of  tin-foil  or  of  paper,  and  the 
carriers  merely  come  opposite  to  these.  And,  in  the  second  place, 
there  is  little  doubt  but  that  the  extremely  rapid  movements  in 
these  machines  give  rise  to  actions  concerning  which  our  informa- 
tion is  imperfect ;  actions  depending  upon  the  relation  between 
the  velocity  of  these  movements  on  the  one  hand,  and  the  rate  at 
which  electrical  charges  spread  on  the  badly-conducting  surface 
of  the  varnished  glass  on  the  other.     These  difficulties  will  be 


r  for  himself  why  A  A,  may  be 


io6 


ELECTRICITY 


en.  TIL 


better  understood  when  the  following  description  has  been  read 
and  the  machine  has  been  seen. 


In  the  Voss,  as  {see  §  7,  fig.  i.)  in  the  Holtz,  there  are  two 
glass  plates  mounted  on  the  same  axis  and  very  close  to  one 
another  ;  one  of  these  being  fixed,  the  other  being  capable  of 
very  rapid  rotation  upon  the  axis.  On  the  former  are  fixed  the 
sheets  of  tin- foil  or  of  paper  that  serve  for  armatures,  and  the 
varnished  surface  of  the  latter  (supplemented  in  the  case  of  the 
Voss  by  metallic  carriers  fixed  on  to  the  glass)  takes  the  place 
of  the  carriers  whose  functions  were  explained  in  §§  3  and  4. 

Since  it  is  not  possible  to  represent  in  any  one  simple  diagram 
the  action  of  the  real  machine  with  its  double  plate,  we  here  give 
a  representatiw.  diagram  by  means  of  which  the  actual  machine 
may  be  understood.  It  is  supposed  that,  instead  of  two  plates,  we 
have  two  co-axial  glass  cylinders,  the  outer  one  being  fixed,  and 

the  inner  one  revolving  as 
shown  by  the  arrows.  The 
diagram  shows  such  an  ar- 
rangement in  section,  the 
two  cylinders  being  repre- 
sented by  two  thin  circles  of 
glass.  Hence,  the  reader 
must  imagine  that  all  the 
lines  (whether  long  as  A,  or 
short  as  ^,),  with  the  excep- 
tion of  the  metal  pieces  M  N, 
m  //,  B,  and  B',  are  but  *  end- 
on  '  views  of  strips  that  in  reality  run  down  the  whole  length  of 
the  cylinders.  A  and  A',  the  armatures,  are  sheets  of  tin-foil  ; 
while  ^„  ^2>  &c.,  are  metallic  strips  fixed  on  to  the  glass.  M  N 
and  m  n  are  stout  brass  rods  ;  and  B  and  B'  may  be  made  of 
thick  brass  wire. 

For  the  present  we  will  neglect  the  piece  M  N  ;  and  will  show 
how,  when  the  inner  cylinder  is  rotated  in  the  direction  indicated, 
any  initial  AV  between  the  armatures  A  and  A'  will  be  soon 
increased  up  to  the  limit  set  by  the  conditions  of  insulation  in  the 
machine. 

Suppose  that   initially  the  armatures  A  and  A'  have  some 
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It  A  V  ;  they  will  act  inductively  upon  the  carriers  that  come 
lipposite  to  them.     Now,  at  one  point  in  their  course,   as  the 
ter  cylinder  revolves,  each  pair  of  carriers  as  ^i  ^i  are  connected 
one  another  through  the  metallic  piece  ni  n,  whose  extremities 
provided  with  fine  wire  brushes.     In  consequence  of  this,  c^ 
pass  on  charged  — ,  and  ^i  will  pass  on  charged  +• 
When  the  two  carriers  come  opposite  to  the  other  armatures, 
and  A  respectively,  they  make  contact  with  these  through  the 
pieces  B'  and  B  ;  these  pieces  reach  round  the  ends  of  the 
flinders,  and  have  wire  brushes  at  their  extremities.    The  question 
)w  occurs,  will  these  carriers  charge  the  armatures  to  greater  H- 
^d  —  potentials  as  did  the  carriers  in  §§  3  and  4?  The  difficulty 
liere  arises  from  the  fact  that  the  carriers  do  not  now  pass  into  the 
interiors  of  the  armatures,  and  so  do  not  give  up  all  their  charge. 
We  may  perhaps  reason  somewhat  as  follows.    The  carrier  r,, 
while  still  uncharged,  is  brought  very  near  to  the  armature  A  ; 
and  we  may  assume  that  it  is  thereby  raised  to  at  any  rate  more 
than  half  the  potential  of  A     That  is,  it  is  raised  to  some  poten- 
tial m  V,  where  m  is  greater  than  ^.     It  is  then  brought  to  zero-V 
by  connection  with  the  opposite  carrier.     It  must  therefore  have 
received  a  charge  that  would,  in  the  absence  of  A,  have  lowered 
it  to  ^  m  V.     Next  it  comes  into  the  same  position  with  respect 
to  A' ;  and  would  therefore,  if  uncharged,  have  been  lowered  to  a 
potential  —  m  V.      Being  charged,  however,  it  will  acquire  on  the 
whole  a  potential  oi  —  mY  —  mY,  or  —  2 /« V.     But  we  have 
supposed  m  to  be  greater  than  \.     Hence  —  2 ;//  V  is  numerically 
greater  than   —  V ;  and  therefore   H-   electricity  will  flow  from 
armature  A'  to  carrier  ^i,  or  —  electricity  in  the  other  direction  ; 
and  hence,  finally,  the  potential  of  A'  becomes  lower  than  before, 
or  its  --  V  is  numerically  increased. 

A  like  action  will  meanwhile  have  taken  place  with  respect  to 
c'y  and  A. 

So  far  then  we  have  shown  how  the  armatures  are  raised  to, 
and  maintained  at,  a  great  A  V. 

Now  consider  the  brass  pieces  M  and  N,  which  are  represented 
as  furnished  with  combs  and  as  having  an  air- break  pq  between 
them.  (It  must  here  be  noted  that  the  *  combs  '  with  which  M  N 
and  m  n  are  provided  should  in  reality  run  parallel  to  the  axis  of 
the  cylinder.     They  are  drawn  as  in  the  diagram  so  thai  lV\^^  tc\^^ 
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be  seen  ;  whereas  strictly  they  should  be  drawn  *  end-on/) 
the  metal  carriers,  and  the  varnished  surface  of  the  glass  wl 
serves  as  a  continuous  series  of  insulated  carriers,  will  act  indi 
tively  upon  the  brass  combs  ;  +  electricity  from  M,  and  —  el( 
city  from  N,  will  pass  convectively  from  the  points  of  the  combsi 
to  the  carriers  and  glass  surfaces,  tending  to  reduce  the  regions 
lie  opposite  to  the  two  combs  to  a  smaller  A  V  ;  while  the  ' 
polled  '  —  and  +  charges  will  give  a  stream  of  sparks  across 

air-space  /  q. 

If  there  be  no  break  at/^,  and  if  the  combs  have  very  sharp! 
points,  the  opposite  pairs  of  carriers  and  of  glass  surface  will  be! 
reduced  to  almost  the  same  potential ;  and  the  piece  vi  n  will  be 
idle,  M  N  taking  its  place.  If  there  be  a  break  2Xpq\X,  requires  a 
certain  A  V  to  give  a  discharge  across  this  break  ;  and  the  opposite 
pairs  of  carriers  cannot  certainly  be  reduced  to  anything  less  than 
this  A  V  ;  so  that  m  n  will  now  act  as  above  described.  The  limit 
to  the  striking  distance/^  is  given  by  the  A  V  of  the  armatures; 
the  A  V  between  M  and  N  being  always  less  than  this.  When  the 
distance  /  ^  is  too  great,  M  and  N  are  idle. 

The  action,  or  idleness,  of  the  pieces  m  n  and  M  N  can  readily  be 
detected  by  working  the  machine  in  the  dark  ;  the  presence  or  absence 
of  glows  and  brush-discharges  giving  the  required  information. 

The  combs  with  which  the  piece  m  n  is  provided  thus  play 
with  respect  to  the  glass  surface  the  same  part  as  the  brushes  play 
with  respect  to  the  metal  carriers. 

§  7.  The  Holtz  Machine.— The  Holtz  machine  was  invented 
before  the  Voss  ;  but,  as  its  theory  is  less  simple,  we  have  chosen 
to  discuss  it  later. 

The  main  differences  between  this  machine  and  those  that  we 
have  discussed  above  are  that  here  the  armatures  are  charged 
iiiductively,  and  not  directly,  by  the  carriers  ;  and  that  we  have 
as  *  pairs  of  carriers  '  no  metal  pieces,  but  simply  the  diametrically 
opposed  portions  of  the  varnished  glass  surface. 

Fig.  i.  gives  a  general  view  of  the  simplest  form  of  Holtz ; 
and  this  figure  will  serve,  mutatis  mutandis^  to  give  an  idea  of  the 
\'oss.  The  larger  and  hindermost  plate  A  A  is  fixed.  In  it  are 
cut  two  windows  F  and  F'  ;  and  along  the  edges  of  these  windows 
are  pasted  the  armatures/  and/',  consisting  of  two  sheets  of  tin- 
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^^B  or  of  varnished  paper.  From  the  armatures  project  two 
"^^Hnted  tongues  of  paper,  n  and  n' ;  these  touch  lightly  the  back 
^^Rrface  of  the  smaller  revolving  plate  B  B  (which  is  the  nearer  to 
^Hp  in  the  figure),  the  points  of  contact  being  opposite  to  the 
^Hindows  F  F'  cut  in  the  fixed  ptaie.  The  front  plate  B  B  re- 
WjVbtves  as  indicated  by  the  arrows. 
S-       On  the  nearer  side  of  the  front  plate  B  B,  and  opposite  to  the 

'^^nnaiures//',  are  the  combs  0  0'  of  the  conductors  CC    These 


V-- 


conductors  are  put  mto  contact  by  means  of  the  pieces  K  and  K 
until  the  action  resulting  from  the  revolution  of  B  B  has  increased 
the  small  initial  i  V  of  the  armatures  to  a  sufficient  magnitude 
When  this  has  been  effected  an  air  space  may  be  introduced  at 
rr',  when  a  discharge  will  take  place  across 

As  in  all  induction  machines  this  discharge  will  be  nearly 
continuous,  and  will  consist  of  a  luminous  brush  accompanied  by 
small  sparks    unless    by  connection  with  the  condensers  H  H 


no 
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or  by  some  other  means,  the  capacity  of  the  prime  conductors  be 
greatly  increased.  When  this  is  done,  the  character  of  the  dis- 
charge alters  ;  it  now  takes  place  at  intervals  in  the  form  of  a  dense 
and  brilliant  spark. 

In  fig.  ii.  we  give  a  representative  diagram.  The  lettering 
of  this,  similar  to  that  of  the  figure  to  §  6,  differs  from  that  of 
fig.  i.  above ;  but  the  reader  will  find  no  difficulty  in  recognising 

the   various  parts.     Here  w^ 
have  the  sections  of  two  co-axial 
cylinders,  of  long  strips  of  tin- 
foil which  form  the  armatures, 
and  of  long  open  strips  which 
form  the  windows  cut  in  the 
outer  fixed  cylinder.     As  in 
the  case    of   the    Voss,   the 
combs  should  run  parallel  to 
the  axis  of  the  cylinder,  i.e.  to 
the  edges  of  the  windows  and 
armatures ;  they  should  have 
been  viewed  end-on  instead 
of  as  here  drawn. 
As  in  the  other  machines  discussed  above,  there   is   given 
initially  to  A  A'  some  slight  A  V.     The  conductors  are  then  put 
into  contact,  no  air-space  being  left  at/  q  ;  and  the  inner  cylinder 
is  turned  as  indicated  by  the  arrows.     The  opposite  pairs  of  what 
we  may  style  *  glass- surface  carriers '  are  thus  charged  inductively, 
as  usual. 

Let  us  consider  the  —  charged  glass  surface  that  comes 
opposite  to  B'.  In  virtue  of  its  —  charge,  and  of  the  presence  of 
the  —  charged  armature  A',  this  portion  of  glass  surface  will 
acquire  a  negative  potential  greater  in  magnitude  than  that  of  A' 
and  B'.  There  will  therefore  be  a  field  of  force  running  from  the 
armature  A'  towards  the  *  carrier,*  since  this  is  at  a  negative  poten- 
tial of  greater  magnitude.  Hence  we  shall  have  4-  electricity 
passing  off  the  tongue  B'  on  to  the  back  surface  of  the  inner  cylin- 
der ;  while  the  armature  A'  is  consequently  left  at  a  negative 
potential  numerically  greater  than  before. 

When  our  *  carrier '  glass'surface  comes  opposite  to  the  comb 
M,  it  will  be  charged  -f  as  usual ;  and  the  -f  charge  that  was 


Fig.  ii. 
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■|[-|x)und '  at  the  back  of  the  cylinder  will  become  *  free.*  When 
?^lkie  same  portion  comes  in  turn  opposite  to  B,  this  tongue  will  be 
^.IJKjbarged  to  a  higher  +  potential,  in  part  directly  by  this  free  4- 

^harge  on  the  back  of  the  inner  cylinder,  and  in  part  inductively 
iJby  the  +  charge  on  the  inner  surface  of  the  cylinder,  in  the 
'  >  .jnanner  described  above. 

When  the  A  V  between  A  and  A'  is  great  enough,  an  air- 
space may  be  introduced  2X  pq  \   and   sparks  will   now   strike 

across. 

But  it  is  to  be  noticed  that  if  this  air-space  be  great,  requiring 

a  large  A  V  to  drive  a  discharge  across  it,  then  the  charges  on  the 

glass  surfaces  will  fail  to  be 

neutralised   and   reversed  as 

they   pass    the    combs ;  and 

therefore,    as    can    be    seen 

from    the    theory    of   action 

given  above,  the  machine  will 

become  less  efficient,  or  will 

even  cease  to  act,  just  when 

we  make  the  greatest  demands 

upon  it. 

To  obviate  this  defect,  the 

armatures  may  be  extended, 

and  a  continuous  metal  piece 

m  «,  furnished  with  combs  at  the  ends,  may  be  introduced,  as 

shown  in  fig.  iii.      This  form  of   Holtz  is  more  like  the  Voss. 

The  piece  mn  with  its  combs  will  now   insure  the  reversal  of 

charge  upon  the  glass  surfaces  ;  and,  if  the  gap  /  ^  be  great,  but 

not  too  great  for  the  insulation  of  the  machine,  the  A  V  of  the 

armatures  A  A'  will  increase  until  a  spark  can  strike  across  p  q. 

Notes  on  the  Voss  and  JIoitz,—{i.)  It  may  be  remarked  that  in  both  the 
above  machines  it  is  only  a  small  portion  of  the  revolving  surface  that  is 
employed  to  raise  the  armatures  to,  and  maintain  them  at,  the  high  A  V  re- 
quired. In  the  Voss  this  part  is  played  by  the  metallic  carriers ;  these  in  the 
actual  machine  are  small  metallic  discs  which  bulge  out  at  their  centres  suffi- 
ciently to  make  contact  with  the  brushes  at  m  and  n.  In  the  Holtz  the  same 
function  is  performed  by  that  ring  of  glass  surface  which  lies  in  the  immediate 
neighbourhood  of  the  circle  traced  out  on  the  revolving  plate  by  the  sharp- 
pointed  tongues. 


Fig.  iii. 
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(ii. )  We  have  not  in  §§  6  and  7  pointed  out  the  compound  interest 
of  the  Voss  and  Holtz,  this  having  been  already  discussed  in  §  3. 

(iii. )  The  reader  is  again  warned  that  possibly  the  action  of  these  mai 
especially  as  regards  the  feeding  of  the  armatures,  depends  in  some 
present  unknown  upon  the  velocity  of  rotation.     Hence  the  above  disc 
which  ignores  this  velocity  as  affecting  the  nature  of  the  action,  may  be 
tive. 
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CHAPTER  VIII. 

ATMOSPHERIC   ELECTRICITY. 

§  I.  Franklin's,  and  Other  Early  Experiments.— In  a  'course' 
such  as  the  present,  it  is  impossible  to  give  a  history  of  the  suc- 
cessive experiments  and  discoveries  by  which  little  by  little  our 
present  knowledge  has  been  attained. 

But  we  cannot  pass  over  without  a  brief  notice  the  classical 
'kite'  experiment  of  Franklin. 

Having  successfully  imitated  in  miniature  the  phenomena  of 
thunder  and  lightning  with  his  powerful  Leyden  jar  batteries, 
Franklin  wished  to  establish  the  common  nature  of  the  large  and 
the  small  phenomena  by  obtaining  from  the  thunder-cloud  an 
ordinary  electric  spark.  He  had  noticed  the  action  of  pointed 
conductors,  and  considered  that  the  discharging  of  an  insulated 
conductor  by  the  presenting  to  it  an  earth-connected  pointed  con- 
ductor  was  due  to  the  point  *  drawing  *  the  charge  from  the  body 
(see  Chapter  IV.  §  15).  So  he  conceived  the  idea  of  flying  a 
kite,  provided  with  metallic  points,  near  to  or  in  a  thunder-cloud. 

Such  a  kite  was  flown.  The  end  of  the  string  was  tied  to  a 
key,  and  the  key  was  fastened  by  an  insulating  silk  cord  to  a  tree. 
Apparently  Franklin  had  not  considered  sufficiently  the  part  the 
string  had  to  play  ;  for  it  was  when  dry  a  bad  conductor,  and  no 
results  were  at  first  obtained.  When,  however,  the  string  had  been 
wetted  and  so  rendered  more  conducting  by  an  accidental  fall  of 
rain,  abundant  sparks  could  be  drawn  from  the  key. 

It  is  clear  that  if  the  string  had  been  put  to  earth,  the  thunder- 
cloud would  have  been  slowly  discharged  by  a  current  of  oppo- 
sitely charged  air  proceeding  towards  it  from  the  points  of  the  kite. 
§  2.  Lightning  Conductors. — When  a  cloud  charged  with  + 
or  —  electricity  comes  over  any  portion  of  the  earth,  there  is  in- 
duced opposite  to  it  a  —  or  -f  charge  respectively,  of  a  magnitude 
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equal  to  that  of  the  cloud's  charge.     The  stress  thus  produc 
will,  if  of  sufficient  intensity,  be  relieved  by  a  disruptive 
charge  ;  a  *  flash  of  lightning '  will  pass,  and  the  equal  and  opi 
charges  will  disappear. 

But  if  on  any  portion  of  the  earth  there  be  erected  one  dj 
more  metallic  points  well  connected  with  earth  there  will  be  a  slot! 
discharge  of  the  convection-current  nature,  with  the  effect  is 
general  that  the  AV  between  the  cloud  and  the  earth  does  not 
rise  high  enough  for  a  disruptive  discharge  to.  take  place. 

During  this  quiet  discharge  there  will  in  the  dark  be  observed 
(as  in  .the  smaller  experiments  performed  with  electrical  machines) 
a  glow  or  a  brush  of  pale  blue  light  on  the  points.  This  pheno- 
menon, when  it  occurs  on  the  extremities  of  a  ship's  masts,  has 
usually  been  called  *  St.  Elmo's  fire.' 

If  the  conductor  be  not  well  connected  with  earth,  its  presence 
may  be  a  cause  of  danger,  as  determining  the  locality  of  the  now 
necessary  disruptive  discharge.  The  same  may  be  said  of  a  con- 
ductor whose  point  is  not  sufficiently  sharp. 

For  a  good  and  effective  conductor  the  following  points  should 
be  attended  to. 

(i.)  The  point  should  be  sharp  and  of  some  metal  not  liable 
to  be  corroded. 

(ii.)  The  lower  end  should  be  put  well  to  earth,  e,g,  be  led  to 
a  stream  or  pond,  or  into  a  pit  filled  with  metallic  refuse  or  coke, 
or  into  a  marshy  piece  of  ground  ;  it  being  remembered  that  dry 
soil  does  not  conduct  well. 

(iii.)  All  detached  metallic  masses  should  be  connected  i^nth 
the  conductor.  Otherwise  we  may  get  disruptive  discharged 
where  there  are  gaps  in  the  connection. 

(iv.)  The  conductivity  of  the  conductor  should  be  sufficiently 
great  to  obviate  any  chance  of  fusion. 

(v )  The  height  should  bear  a  certain  relation  to  the  area  to 
be  protected. 

The  reader  will  observe  that  a  *  lightning  conductor'  aims  in 
reality  at  preventing  discharges  of  a  sudden  nature,  rather  than 
at  receiving  these  discharges. 

Some  trees,  such  as  pines,  act  as  natural  dischargers,  the 
numerous  points  of  the  leaves  acting  as  so  many  imperfect 
lightning  conductors. 
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■  *        IVtre  network  used  as  a  protector, — The  inside  of  a  hollow 
Conductor  is  (as  will  be  further  explained  in  Chapter  X.)  free  from 
"*  amy  action  due  to  charged  bodies  situated  outside.     Hence,  it  has 
teen  proposed  to  protect  buildings  by  covering  them  with  an 
^arth-connected  system  of  wires,  and  so  making  them  approxi- 
iffiately  hollow  conductors.     If,  however,  a  disruptive  discharge 
^d  take  place,  such  wires  (which  would  naturally  not  be  very 
thick)  might  be  fused,  and  further,  since  in  a  discharge  the  con- 
ditions are  no  longer  statical,  such  a  discharge  might,  even  with 
the  wires  intact,  pass  partly  through  the  body  of  the  building. 

§  3.  Betum  Shocks. — Any  abrupt  change  of  electrical  con- 
dition makes  itself  felt  physiologically  as  a  shock.  Hence  the 
sudden  readjustment  consequent  on  a  lightning  discharge  may 
produce  fatal  results  in  the  vicinity  of  the  actual  discharge. 

Experiments. — (i.)  Place  near  the  prime  conductor  of  a  machine  another 
conductor  imperfectly  connected  with  earth.  As  the  prime  conductor  is  gradu- 
ally charged  we  shall  perceive  small  sparks  passing  over  the  gaps  left,  the 
other  conductor  being  acted  upon  inductively.  If  we  now  discharge  the  prime 
conductor  suddenly,  we  shall  perceive  a  much  stronger  spark  pass  over  each 
gap  as  the  second  conductor  suddenly  loses  its  induced  charge. 

(iL)  If  a  person  hold  his  face  near  a  charged  conductor  he  will  experience 
a  slight  shock  when  this  latter  is  discharged.  Or  if  a  person  stand  on  the 
insulating  stool  and  hold  the  prime  conductor  he  will  receive  a  shock  when 
this  is  discharged,  although  the  spark  is  not  *  taken  from '  him  directly. 

It  is  for  the  above  reason  that  rule  (iii.)  of  §  2  should  be 
observed. 

§  4.  The  Higli  Potential  of  Thunder-clouds.— The  differences 
of  potential  as  directly  caused  by  natural  actions  are  very  small. 
They  are  mainly  due  to  the  friction  of  the  winds  over  the  earth,  to 
evaporation,  and*  to  the  sun's  action  in  producing  differences  of 
temperature.     The  first  two  causes  are  the  more  important. 

Experiments,  —  (i. )  Direct  a  strong  current  of  air  by  means  of  a  pair  of 
bellows,  on  to  the  plate  of  a  delicate  gold-leaf  electroscope.  The  leaves  will 
diverge. 

(IL )  Heat  a  platinum  capsule  and  place  it  on  the  plate  of  the  electroscope. 
Now  drop  into  it  some  aqueous  solution  of  copper  sulphate.  A  divergence  of 
the  leaves  indicates  that  the  vessel  is  charged  — .  It  is  necessary,  as  a  rule, 
to  use  a  condensing  electroscope,  the  platinum  vessel  being  on  the  upper 
plate,  and  the  lower  plate  being  temporarily  put  to  earth  during  the  evapora- 
tion.    Pure  water  gives  no  results. 
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It  must,  however,  be  stated  that  many  consider  the  electrical  separation  t»' 
be  due  to  friction  between  the  heated  vapour  and  the  metallic  vessel. 

The  question  naturally  arises,  *  How  can  we  account  for  differ- 
ences of  potential  so  great  as  to  give  us  flashes  of  lightning  that 
are  sometimes  perhaps  several  miles  in  length  ? ' 

Note, — The  writer  is  inclined  to  think  that  the  difference  of  potential 
required  to  produce  flashes  of  lightning  (whose  length  was  roughly  calculated 
from  the  duration  of  the  peal  of  thunder  or  by  some  other  means)  has  been 
over-estimated.  The  calculation  of  the  difference  of  potential  required  is  based 
on  experiments  connecting  the  difference  of  potential  between  two  brass  spheres 
with  the  length  of  spark  that  will  pass  between  them.  In  the  latter  case  the 
spark  is  a  truly  dbruptive  discharge,  there  being  nothing  to  help  it  on  its  way 
(so  to  speak)  except  a  little  dust  in  the  air.  But,  in  the  former  case,  who  can 
l>e  sure  of  the  nature  of  those  discharges  whose  great  length  has  been  roughly 
calculated  ?  They  may  be  discharges  only  partly  disruptive,  and  partly  passing 
from  particle  to  particle  of  water. 

We  here  give  the  theory  that  explains  how  a  high  potential  may 
be  attained. 

The  reader  will  understand  it  better  when  he  has  read 
Chapter  X. 

When  visible  cloud  is  first  formed  from  true  vapour,  the  water 
is  in  very  minute  spheres.  As  these  coalesce  the  cloud  gets 
denser  and  denser,  and  it  is  possible  that  in  a  heavy  thunder- 
cloud each  sphere  may  contain  thousands  or  millions  of  the  very 
small  spheres  first  formed. 

Now  each  original  sphere  we  may  suppose  to  have  acquired  a 
charge  from  the  air  and  from  the  vapour  from  which  it  was 
formed,  this  charge  being  due  to  one  of  the  causes  named. 

If  the  charge  of  each  small  sphere  was  Q,  and  its  radius  was 
r,  then  its  potential  (as  we  shall  see  in  Chapter  X.)  was  measured 

by  % (I) 

Now,  let  n  such  drops  coalesce  into  one  larger  drop.  To  find 
the  radius  R  of  this  drop  we  have  merely  to  state  that  its  mass 
equals  the  sum  of  the  n  small  masses. 

Hence,  if  d  be  the  density  of  water,  we  have 

3  3 
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Hence  the  new  potential  will  be  (from  Chapter  X.) 

^  Q  _  «  Q 


(2) 


Comparing  (i)  and  (2)  we  see  that 

New  potential  _  ^  3/ ;/  _  «  _    } 
Old  potential  q     ""«*"" 


Thus,  if  n  were  1,000,000,  we  have 

Ne;v  potential  =  10,000  x  (old  potential). 

Besides  this  we  shall  in  general  have  the  charge  tending  to 
pass  to  the  outside  of  a  cloud  as  a  whole,  and  this  would  Liill 
further  decrease  the  capacity  and  increase  the  potential. 

When  the  flash  passes,  the  drops  will,  as  a  rule,  more  readily  co- 
alesce, there  being  no  longer  the  electrostatic  *  repulsion  '  between 
them.  This  may  be  one  cause  of  the  sudden  fall  of  rain  observed 
to  follow  a  powerful  flash. 

§  5.  Potential  at  a  Point  in  the  Atmosphere. — Observations 
on  the  phenomena  of  thunder-storms  are  occasional ;  and  are,  as  a 
rule,  of  necessity  very  inexact. 

There  are,  however,  daily  observations  of  a  far  more  exact 
nature  that  are  made,  viz.  observations  of  potential  that  exist 
between  the  earth  and  points  in  the  atmosphere  at  different 
heights  above  the  earth. 

(a)  Before  discussing  this  matter  we  will,  even  at  the  risk  of 
repeating  somewhat,  examine  what  is  meant  by  the  potential  at  a 
point  in  the  atmosphere. 

We  have,  in  Chapter  V.  §§  2  and  3,  given  some  explanation  of 
what  is  meant  by  *  potential '  and  how  it  is  measured.  The  reader 
must  wait  until  he  has  read  Chapter  X.  to  understand  fully  what  is 
given  in  a  general  way  in  Chapter  V.  ;  he  can  then  turn  back  to  the 
present  chapter  and  read  it  again.  But  the  passages  referred  to 
are  sufficient  to  show  that  we  measure  the  potential  at  a  point  in 
the  atmosphere  by  seeing  how  much  work  it  takes  to  raise  +  unit 
electricity  from  our  arbitrary  zero  of  potential,  the  earth,  up  to  the 
point  in  question, 

(b)  A  small  conductor,  elevated  above  the  earth,  is  at  the 
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potential  of  the  region  where  it  is  situated  when  it  has  no  ch; 
on  it ;  since  it  would  require  the  same  work  to  bring  the  +  unil 
up  to  the  body  from  the  earth  as  it  would  to  bring  the  +  unitupto 
the  same  place  before  the  conductor  was  put  there. 

(c)  If  an  earth- connected  conductor  be  situated  at  a  region  A 
in  the  atmosphere  that  is  at  a  different  potential  from  the  earth,  a 
charge  of  opposite  sign  to  this  potential  will  be  induced  on  die 
conductor,  as  explained  in  earlier  chapters  (see  Chapter  VI.  §  \ 
(ii.),  &c).     If  this  charge  can  escape,  as  it  will  off  a  point,  or  still 
better  off  a  flame,  this  convectional  escape  can  only  cease  when 
the  region  is  reduced  to  the  zero  potential  of  the  earth.    The  charge 
induced  on  the  conductor  will  indicate  by  its  magnitude  the  poten- 
tial of  the  region  at  A. 

(d)  If  a  conductor  be  situated  at  A,  and  be  connected  with  an 
insulated  conductor  situated  elsewhere,  e.g,^  nearer  the  surface  of 
the  earth  where  there  is  a  different  potential^  iziduction  will  take 
place  somewhat  as  in  the  last  case,  a  charge  being  induced  of 
opposite  sign  to  the  potential  at  A. 

If  this  charge  can  escape,,  as  by  means  of  a  flame,  this  convec- 
tional escape  will  take  place  utitil  the  whole  conductor  is  at  the 
I)otential  of  the  region  at  A ;  for  there  cannot  be  equilibrium  until 
this  is  the  case.  But  it  must  be  noticed  that,  if  the  conductor  be 
large  enough,  this  escape  may  sensibly  alter  the  original  potential 
of  the  region  A. 

Notes.— 'Y\it.  above  reafsoning  is  of  a  general  nature.  It  can  however  be 
shown,  by  reasoning  somewhat  beyond  this  Course,  that — 

(i. )  When  there  is  a  charge  on  the  surface  of  a  conductor,  this  means  that 
the  conductor  is  at  a  different  potential  from  the  region  surrounding  it ;  and 
conversely. 

(ii.)  That  any  such  charge  is  urged  normally  outward  from  the  conductor. 

(iii. )  That  when  there  is  no  such  charge,  this  means  that  the  conductor 
is  at  the  same  potential  as  the  region  surrounding  it ;  and  conversely. 

§  6.  Hethods  of  Heajiuring  the  Potential  at  a  Point  in  the 
Atmosphere. 

(i.)  One  method,  formerly  used,  was  based  upon  (c)  of  the  last 
section. 

A  ball  was  elevated  into  the  region  in  question  ;  was  tempo- 
rarily connected  with  earth;  was  again  insulated;  was  lowered; 


'^ 
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finally  the  charge  induced  (of  opposite  sign  to  the  potential 
in  question)  was  examined. 

(ii.)  But  the  best  method  is  as  follows. 

E  represents  a  quadrant  electrometer  {see  Chapter  X.  §  33,  for 
fall  description  and  complete  figure).     One  pair  of  quadrants  is 
put  to  earth,  and  from  the  other  pair  is  raised  a  wire  ending  in  a 
^  flame  or  slow-match  at  the  point  A,  whose  potential  is  required. 
Thus  we  have  an  insulated  conductor  consisting  of  the  slow- 
match,  wire,  and  pair  of  quadrants.    As  explained  \n  {d)  of  the  last 
section,  there  will  be  a  convectional  discharge  by  means  of  the  slow- 


Earth. 

match  until  the  end  of  this  latter  is  uncharged,  and  is,  therefore,  at 
the  potential  of  the  region  A  {see  last  section  {b)).  When  this  is 
the  case,  then  the  wire  and  the  pair  of  quadrants  with  which  it  is 
connected  will  all  be  at  the  potential  of  the  region  A*  The  needle 
of  the  electrometer  will  then  indicate  by  its  deflexion  the  differ- 
ence of  this  potential  from  the  zero  potential  of  the  other  pair 
of  quadrants. 

(iii.)  Or  we  may  employ  the  dropping  of  water  to  carry  off  the 
induced  charge,  and  so  to  reduce  the  conductor  to  the  potential 
of  the  region  where  the  water  breaks  into  drops. 

If  with  the  pair  of  quadrants  there  be  connected  an  insulated 
tank,  and  if  a  pipe  from  this  reach  to  A,  and  if  there  the  water 
fall  away  in  drops,  we  shall  attain  the  desired  end  just  as  well  as 
we  did  by  the  use  of  a  flame  or  slow-match. 

§  7.  Results  of  Observations. — ^Some  results  arrived  at  by 
such  observations  are  here  given.  In  ordinary  circumstances  the 
potential  of  the  atmosphere  under  a  cloudless  sky  is  +  j  and  it 
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increases  as  we  move  higher  from  the  earth.     There  are  variations 
during  the  day,  and  these  are  fairly  regular  for  all  cloudless  days. . 

Clouds  may  be  charged  to  a  +  or  —  potential  ;  and  hence, 
when  clouds  pass,  the  points  in  the  atmosphere  which  lie  between 
them  and  the  earth  will  also  have  a  -f-  or  —  potential  respectively. 

Whatever  the  potential  of  the  atmosphere,  there  will  be  found 
on  the  exposed  surface  of  the  earth  a  charge  of  opposite  sign,  the 
potential  of  the  earth  being  of  course  zero. 

§  8.  Sheet-Ligfhtning  and  other  Phenomena. — With  respect  to 
the  Aurora  Borealis^  references  to  papers  on  this  subject  will  be 
found  in  the  Preface,  p.  viii. 

Sheet-lightning  may,  in  some  cases,  be  a  true  brush  or  glow 
discharge.  In  other  cases  this  name  is  wrongly  given  to  the  visible 
reflection  of  a  spark  discharge  that  itself  occurs  out  of  sight. 

Forked-lightning,  —The  lightning-spark  is  nearly  always  zigzag 
in  its  course.  It  is  supposed  that  a  greater  resistance  is  created 
in  the  direct  line  of  a  spark,  and  thus  the  discharge  is  diverted 
along  the  line  of  least  resistance  to  one  side  or  the  other.  In  very 
rare  cases  the  discharge  is  straight ;  so  that  we  conclude  the 
crookedness  of  the  usual  path  to  be  due  in  some  way  to  the  air 
through  which  it  passes. 

Globe-lightning,— 'Y\it.xt  is  one  form  of  discharge  of  which  the 
explanation  is  at  present  very  imperfect.     It  is  now  sufficiently  well 
established  that  sometimes  a  globe  form  of  discharge  is  seen.  This 
appears  like  a  fiery  globe  moving  slowly,  or  even  at  times  resting 
stationary.    Its  movements  are  sometimes  very  erratic.    It  appears 
at  times  to  follow  conductors  ;  it  is  said  to  break  through  non-con- 
ducting structures  such  as  walls  ;  and  all  accounts  agree  that  it 
ultimately  disappears  with  a  powerful  detonation.    Plants  has  pro- 
duced on  a  small  scale  similar  appearances  by  aid  of  a  voltaic 
battery,  which  gave  him  large  quantities  of  electricity  and  a  high 
difference  of  potential ;  but  it  is  not  certain  that  there  is  a  true 
connection  between  the  two  phenomena. 

Some  believe  this  *  globe'  form  to  be  a  kind  of  Leyden  jar 
highly  charged ;  but  this  explanation  does  not  appear  to  make 
matters  clearer. 

No  doubt  in  some  cases  the  phenomenon  w^as  really  a  heated 
aerolite  ;  but  in  other  cases  its  nature  seems  undoubtedly  to  have 
been  that  of  an  electric  discharge. 
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CHAPTER  IX. 

SPECIFIC    INDUCTIVE  CAPACITIES. 

§  I.  DefinitioxL— We  stated  in  Chapter  VI.  §  4  (iv.)  that  the 
charge  of  a  condenser  depended,  cateris  paribus^  on  the  nature 
of  the  substance  that  was  between  the  two  plates  ;  or,  in  usual 
language,  on  the  nature  of  the  dielectric. 

We  propose  in  this  chapter  to  discuss  at  some  length  the 
relative  efficiencies  of  different  substances  as  dielectrics. 

If  we  have  two  condensers  of  exactly  similar  construction^  one 
having  air  as  the  dielectric  and  the  other  having  some  other  sub- 
stance A  as  its  dielectric,  we  shall  find  that  for  any  given  dif- 
ference of  potential  between  the  plates  the  two  cond'^nsers  have 
unequal  charges.  Further,  we  shall  find  that  the  ratio  between 
the  two  charges  is  constant,  whatever  the  form  of  the  condensers 
and  difference  of  potential  between  the  plates,  provided  that  all 
conditions  are  the  same  for  the  two  condensers. 

Thus  we  have  for  the  substance  A  a  constant  number  repre- 
senting its  efficiency  as  a  dielectric  as  compared  with  air.  We 
:all  this  number  the  specific  inductive  capacity  of  the  substance  A, 
md  usually  denote  it  by  the  symbol  a. 

Or  we  define  as  follows. 

Capacity  of  the  condenser  when 

The  specific  inductive  capacity   _       A  is  the  dielectnc 

of  a  substance  A  ~   Capacity  of  the  condenser  when* 

air  is  the  dielectric 

We  here  give  a  table  of  the  specific  inductive  capacities  of  a 
ew  substances. 

These  results  must,  however,  be  regarded  as  approximate  only. 


Air 

.     roo 

Paraffin 

.      1-98 

Glass  . 

.     1*90 

India-rubber 

.      2-22 

Sulphur 

.     2-58 

Gutta-percha 

.      246 

Shellac         • 

.     274 

V 
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The  expressions  inductive power^  and  dielectric  constant^  are 
as  synonymous  with  specific  inductive  capacity.  w^^^< 

§  2.  Variation  with  Time.— It  was  soon  found  that  for 
dielectrics  the  time  for  which  the  experiment  lasted  had  a  m 
influence  on  the  value  obtamed  for  tr. 

If,  in  Chapter  VI.  §  2  (i.),  we  interpose  a  plate  of  ebonite 
between  the  two  condenser  plates  A  and  B,  we  have  initially 
certain  inductive  action  of  the  plate  A  on  B  ;  this  being  indicai 
by  the  divergence  of  the  needle  of  the  electrometer  E^. 

But  we  shall  observe  that  this  action  gradually  gets  less,  as 
the  plate  I  gradually  yields  to  the  electric  strain.  There  is  a  slow 
separation  of  electricities  on  I  similar  to  the  practically  instan- 
taneous separation  that  occurs  in  a  conducting  plate.  In  fact, 
with  time  the  ebonite  plate  I  acts  more  or  less  as  a  conducting 
plate ;  and  then,  like  a  conducting  plate,  it  screens  B  from  the 
action  of  A  to  a  greater  or  less  degree  (see  Chapter  X.  §  17). 

Or  again  we  can,  by  waiting,  charge  a  Leyden  jar  from  a  source 
of  constant  potential  with  a  larger  charge  than  it  would  receive  in 
the  first  instance  ;  the  specific  inductive  capacity  of  the  glass  appearing 
to  increase  with  time.     As  explained  in  Chapter  VI.  §  10,  there  is 

a  penetration  of  the 
charge,  and  we  find 
residual  charges. 

The  true  specific  in- 
ductive capaci'y  would 
be  that  obtained  be- 
fore any  such  action 
on  the  dielectric  had 
taken  place. 

§  3.  Cavendish*!  He- 
thod. — Cavendish  de- 
termined, with  a  degree 
of  accuracy  that  is  sur- 
prising when  we  con- 
Earth.  FiG.  I.  Earth.  sider    the    apparatus 

that  was  at   his  dis- 
posal, the  value  of  o-  for  various  dielectrics. 

His  general  method  was  as  follows.  He  prepared  a  series  of 
condfensers  constructed  with  glass  and  tin-foil.  These  he  employed 
as  arbitrary  standards,  with  which  he  compared  condensers  in  which 
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irious  other  dielectrics  were  used.      In  this   way  he  obtained  the 

^ductive  capacity  of  these  materials  as  compared  with  that  of  the 

{|g:4|tandard  glass.    Then  he  determined  the  ratio  borne  by  the  inductive 

ii^j^apacity  of  this  glass  to  that  of  air,  and  so  obtained  finally  the  specific 

inductive  capacity  (see  definition)  of  the  dielectrics  employed. 

In  fig.  i.  D  represents  in  section  the  condenser  in  which  the  dielec- 
'  trie  was  the  substance  whose  specific  inductive  capacity  was  desired. 
~  G  represents  one  or  more  standard  condensers.  The  upper  plates  of 
both  were  charged  from  the  same  source,  and  therefore  to  the  same 
potential ;  and  the  under  plates  were  put  to  earth  or  were  at  zero 
potential.  If  the  charges  uDon  the  upper  plates  were  +  a  and  +  b 
respectively,  then  those  upon  the  lower  plates  would  be  (very  nearly) 

—  a  and  —  b  respectively  ;  the  charges  on  the  upper  plates  exceeding 
those  on  the  lower  by  negligible  *  free  '  charges. 

When  the  condensers  were  charged,  matters  were  arranged  as  in 
fig.  ii.  It  is  not  difficult  to  see  that  if  a  and  b  were  equal,  then  the 
charges   +  a  and  ^^^^ 

-  b  would  (very  oif^^'^^^^ 
nearly)  neutralise 
one  another.  The 
wire  connecting 
these  plates  com- 
municated with  a 
delicate  electro- 
scope ;  and  thus 
it  could  be  seen  ^""'-  '"°-  "•  ^"""- 
whether  there  was  neutralisation  or  no.  Standard  condensers  were 
grouped  together  until  such  neutralisation  was  observed.  When  this  was 
the  case  the  capacity  of  G  was  equal  to  that  of  D.    For,  by  our  formula, 

j^i-K'(V-Vo) 
1<J  =  K    (V-Vo) 

where  K'  and  K  were  the  capacities  of  the  two  condensers  D  and  G 
respectively.  And  since  (V  -  Vq)  was  the  same  for  both,  it  followed 
that  a  could  only  equal  b  if  K'  =  K.  Then,  from  a  knowledge  of 
the  dimensions  of  the  two  condensers.  Cavendish  determined  the  ratio 
of  the  two  inductive  capacities,  or  the  ratio  that  would  have  existed 
between  the  charges  a  and  b  had  the  condensers  been  similar  in  all 
respects  save  in  the  nature  of  the  dielectric 

In  somewhat  the  same  manner  he  compared  the  capacities  of  these 
standards  with  that  of  a  large  sphere  *  isolated '  {see  Chapter  V.  §  8 
&c.)  in  the  middle  of  the  room.  From  this  comparison  he  was  able  to 
calculate  what  would  have  been  the  capacities  of  the  standards  had 
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air  been  their  dielectric,  and  thus  he  6nally  found  the  ratio  thai  iIkI 
charge  a  would  have  borne  to  that  of  an  exactly  similar  condense  I 
having  air  as  the  dielectric.  I 

$  4.  Faraday'i  Hethod.— (a)  The  figures  represent,  complete 
and  in  section,  the  apparatus  used  by  Faraday;  this  being  a  con- 
denser of  a  convenient  and  symmetrical  form.  The  outer  coating 
consisted  of  a  hollow  brass  sphere  P  Q,  that  was  always  put  to  eanh. 
The  inner  coating  was  a  brass  globe  C.  This  could  be  diatged 
by  means  of  the  knob  6  connected  with  it.  A  represents  a  layer 
of  shellac  serving  to  insulate  the  wire  connecting  B  and  C 


Further,  the  space  between  P  Q  and  C  was  air-tight ;  b 
means  of  a  tap  any  gas  could  be  introduced,  and  PQ  could  b 
pulled  apart  so  as  to  admit  of  the  introduction  of  various  dieiec 
tries  into  the  space  between  C  and  PQ. 

{/>)  The  potentials  of  B  at  different  limes  could  be  cofiipartd  (nc 
measured  in  absolute  units)  by  touching  B  with  an  insulated  ba 
of  a  certain  size,  communicating  this  charge  to  a  torsion  balanc 
(see  Chapter  IV.  §  i  z  (i.) ),  and  observing  the  torsions  needed  in  th 
different  cases  to  keep  the  needle  deflected  at  constant  angle. 
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A>/<.— As  this  method  of  comparing  potentials  is  obsolete,  we  merely  state 
that  they  can  be  so  compared  ;  we  do  not  go  further  into  the  matter. 

(c)  For  his  experiments  it  was  necessary  to  have  two  such  con- 
densers that  were  of  exactly  equal  capacities  when  filled  with  air. 

To  test  whether  this  were  the  case,  he  charged  the  one  and 
measured  the  potential  of  its  knob  B.  He  then  connected  this 
knob  B  with  the  knob  B'  of  the  uncharged  condenser  ;  thus 
causing  the  charge  to  be  divided  between  the  two  condensers. 
He  then  measured  the  potential  of  B  again.  If  the  jars  were  of 
equal  capacity  the  new  potential  should  be  half  the  old.  In  fact, 
in  mathematical  symbols  we  have — 

r  =  j^  .  .  .  in  the  first  case, 

iv 

and    t^  =  V  =  i  r  .  .  .  in  the  second  case, 
2K 

if  the  capacities  are  equal  {see  Chapter  VI.  §  4). 

(d)  Having  provided  himself  with  two  similar  condensers,  he 
filled  one  with  the  substance  whose  specific  inductive  capacity  was 
required.  (For  convenience  he  only  half  filled  it,  and  calculated 
accordingly.)  He  then  charged  the  other,  or  air-condenser,  and 
observed  the  potential  v  of  its  inside  coating.  The  knob  B  was 
then  connected  with  the  knob  of  the  condenser  which  had 
been  filled  with  the  dielectric  in  question  and  had  been  left  un- 
charged The  new  potential  v'  of  the  compound  condenser  was 
then  measured.  As  before  stated,  the  outside  coatings  were  to 
earth.  Let  K  be  the  capacity  of  the  air  condenser,  and  tr  K  that 
of  the  similar  condenser  filled  with  the  dielectric  in  question, 
where  tr  is  the  required  specific  inductive  capacity. 

Then  we  have — 

K  K  ( F  -f-  0") 

Whence    ^^'+'^>  =  ''  ;  and  a  =  "i^/.  ■ 

§  5.  Hodem  Hethods. — For  the  reason  given  in  §  2,  methods 
have  been  devised  to  obviate  the  errors  due  to  penetration  of 
charge.  These  methods  employ  rapidly  alternating  +  and  — 
charges,  this  reversal  of  charge  occurring  even  as  often  as  12,000 
times  per  second  in  some  of  Gordon's  experiments.  The  condensers 
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thus  never  remain  charged  for  more  than  a  fraction  of  a  second; 
and  the  charge  has,  so  to  speak,  no  time  to  penetrate  into  the 
body  of  the  dielectric. 

Let  us  suppose  that,  when  this  reversal  of  charge  takes  place 
with  a  certain  rapidity,  the  value  of  <r  is  measured ;  and  let  us 
further  suppose  that,  on  increasing  the  rapidity  of  reversal,  no 
change  is  made  in  this  value  of  tr  obtained.  When  this  is  the  case 
it  may  fairly  be  said  that  errors  due  to  penetration  of  charge  have 
been  obviated. 

Gordon's  experiments. — Mr.  Gordon  has  made  a  series  of  ela- 
borate experiments  on  the  specific  inductive  capacities  of  various 
solid  dielectrics,  in  which  the  principle  of  rapid  reversal  of  charge 
was  employed. 

As  it  is  not  possible  to  give  in  a  brief  space  a  satisfactory 
account  of  the  apparatus  and  methods  employed,  the  reader  is 
referred  to  Gordon's  *  Physical  Treatise  on  Electricity  and  Mag- 
netism,' where  he  will  find  a  full  description  given.  It  may,  how- 
ever, be  mentioned  that  there  are  two  considerations  which  may 
modify  considerably  the  value  of  the  results  obtained  ;  the  first 
objection  is  of  undoubted  weight,  the  second  is  possibly  without 
foundation. 

(i.)  In  calculations  concerning  the  circular  brass  plates  which 
formed  the  plates  of  the  condensers,  no  allowance  was  made  for 
the  variations  in  distribution  which  occur  within  a  considerable 
distance  of  their  edges.  These  condenser- plates  should  have  been 
provided  with  guard-rings  {see  Chapter  X,  §  32  j. 

(ii.)  Further,  it  may  reasonably  be  asked  whether,  with  these 
rapid  reversals  of  charge,  the  conditions  are  truly  statical. 
Whether,  in  fact,  we  are  obtaining  what  we  desired,  viz.  the  true 
electrostatical  specific  inductive  capacity  of  the  dielectric  It  is 
assumed  that  these  extraordinarily  rapid  swingings  to  and  fro  of 
electrical  charges  leave  the  theory  of  the  condenser  unaltered.  If 
this  be  really  the  case,  it  must  be  because  the  rapidity  with  which 
statical  electric  equilibrium  is  attained  immeasurably  transcends 
the  rapidity  of  the  reversals. 


CHAPTER  X. 

ELECTROSTATIC   POTENTIAL. 

§  I.  Introductory. — In  the  present  chapter  we  purpose  deal- 
ing more  fully  with  the  conceptions  of  electrostatic  potential^  fields 
and  lines  of  electric  force^  and  work  of  electric  charge  and  discharge. 

We  recommend  the  student  to  read  again  carefully  the  follow- 
ing portions  of  the  earlier  chapters  of  this  course. 

(i.)  Chapter  11.  §  8,  &c  Here  he  should  find  no  difficulty  in 
making  for  himself  all  such  necessary  changes  in  the  wording  as 
the  substitution  of  *  a  +  unit  of  electricity '  for  *  a  +  magnetic  pole 
of  unit  strength,'  &c. 

(ii.)  The  whole  of  Chapter  V. 

(iii.)  In  Chapter  VI.,  all  that  relates  to  the  formulae  connecting 
K,  V,  and  Q. 

(iv.)  Chapter  VII.  §  i  ;  and  Chapter  VIII.  §§  5  and  6. 

He  will  then  be  in  a  better  position  to  understand  on  what 
points  he  needs  more  exact  knowledge  and  fuller  discussion." 

§  2.  Defimtion  and  Heajinrement  of  Work.— In  addition  to 
the  mechanical  principles  and  terms  briefly  mentioned  in  Chap- 
ter II.,  we  must  now  assume  a  knowledge  of  the  principle  of  work. 

The  student  should  clearly  understand 

(i.)  What  *work'  means;  and  its  essential  difference  from 
*  force.' 

(ii.)  What  *  positive  '  and  'negative^  work  mean  respectively. 

(iii.)  In  what  sense,  and  under  what  general  conditions,  we 
can  say  that  *  when  a  body  is  displaced  in  a  field  of  force  from  a 
position  A  to  a  position  B  the  work  done  is  independent  of  the 
route  followed  between  these  two  positions.* 

In  the  C.G.S.  system  the  unit  of  work  is  called  the  '^/-^j'and 
is  the  work  done  when  a  force  of  one  dyne  is  overcome  through  a 
distance  of  one  centimetre  along  the  lines  of  force. 
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§  3.  Dimensions  of  Work. — We  see  that  the  unit  of  work  [V\'']J, 
or  the  erg^  involves  the  fundamental  units  in  the  following  way. 


[W]  =  [F]  X  [L]  =  [M]  X  [A]  X  [L]  =  [M]  x 
of  finally    .     .     .     [W]  ^  ^^j'..'',J^^' 


%\>^m\ 
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§  4.  EnergT^  and  Conservation  of  Energy.— (a)  If  we  have  a. 
supply  of  heat  we  can  by  a  properly  constructed  engine  do  wok/: 
and  use  up  (or  cause  to  disappear)  some  of  the  heat. 

(p)  If  a  cannon-ball  be  moving,  we  can  cause  it  to  do  work 
such  as  the  raising  of  weights,  until  it  comes  to  rest. 

(c)  If  we  have  a  body  of  water  at  a  higher  level,  we  can  cause 
it  to  do  work  by  means  of  a  water-mill  until  it  is  all  at  the  lower 
level. 

(d)  If  an  elastic  be  stretched,  we  can  make  it  do  work  until  it 
has  returned  to  its  unstretched  condition. 

(e)  If  two  substances  have  chemical  affinity  for  one  another, 
we  can  let  them  combine  and  give  out  heat^  and  can  then  cause 
this  heat  to  be  used  up  in  doing  work,  this  going  on  until  the 
chemical  affinity  is  *  satisfied.' 

In  each  of  the  above  cases  we  had  a  condition  of  things  such 
that  we  could  ^^^  work  done  (measured  in  ergs,  foot-pounds -weight, 
or  in  any  other  unit  involving  the  essential  product  oi  force  over- 
come into  distance  through  which  it  is  overcome)  at  the  expense  of 
losing  this  advantageous  condition  of  things. 

Now  when  a  body,  or  a  system  of  bodies,  is  in  such  a  con- 
dition that  it  can  do  work,  then  it  or  they  are  said  to  possess 
energy.  In  fact,  energy  may  be  sufficiently  accurately  defined  as 
capacity  for  doing  work,  and  it  is  measured  by  the  work  that  can 
be  done,  or  it  is  measured  in  ergs. 

Where  the  energy  is  possessed  (as  in  cases  (a)  and  (b)  above) 
in  virtue  of  mass  and  velocity  combined,  it  is  called  kinetic 
energy.  Where  it  is  possessed  (as  in  the  other  cases)  in  virtue  of 
position,  it  is  called  potential  energy.  In  case  {e)  we  may  call  it 
chemical  potential  energy. 

One  of  the  greatest  generalisations  of  modern  times,  the  most 
powerful  weapon  we  possess  in  discussing  the  problems  of  physical 
science,  is  the  great  law  of  conservation  of  energy.     This  law, 
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«il>ijndantly  proved  by  direct  experiment  and  corroborated  by 
Txiasses  of  more  indirect  evidence,  means  that  energy  is  indestruct- 
ib/e.  This  means  that  in  a  self-contained  system— (or  a  system 
not  acting  upon  nor  acted  upon  by  any  other  system) — the  total 
amount  of  energy  is  constant,  though  it  may  undergo  transforma- 
tion, as,  e.g.^  from  the  form  of  mechanical -energy  into  the  form  of 
^eat-energy. 

The  student  should  study  carefully  the  principle  of  *  conserva- 
tion of  energy '  as  given  in  books  on  mechanics,  and  should  make 
himself  familiar  with  cases  of  transformations  of  energy. 

.  §  5.  Work  against  a  Constant  Force. — Where  the  field  of 
force  acting  on  a  particle  is  uniform,  the  calculation  of  work  done 
iii  simple  enough. 

It  is  merely  necessary  to  know  the  force  in  dynes  and  the  dis- 
tance between  the  initial  and  final  positions  of  the  particle,  as 
measured  along  the  lines  of  force,  in  centimetres.  Then  the  pro- 
duct gives  us  the  work  in  ergs. 

All  work  done  against  gravitation  on  the  surface  of  the  earth 
comes  practically  under  this  head  ;  since,  for  distances  small 
as  compared  with  the  radius  of  the  earth,  we  may  consider  the 
field  to  be  constant. 

s^  6.  Work  where  the  Force  varies  as  the  Bistance.— Another  case  of 
work  may  here  be  considered,  though  it  is  of  no  direct  interest  in  our 
present  subject. 

When  a  piece  of  india-rubber  is  stretched  from  the  length  it  has 
when  under  no  tension  into  some  new  length,  we  overcome  a  gradu . 
ally  increasing  force.  This  force  is  proportional  to  the  extension.  If 
then  we  start  with  zero  force  and  end  with  a  force  of  F  dynes,  the 
extension  being  b  centimetres,  it  is  not  difficult  to  see  that 

the  work  done  =  (J  F  x  b)  ergs. 

In  this  case  we  may  call  J  F  the  average  force  overcome. 

§  7.  Work,  where  the  Force  varies  as  the  Inverse  Square 

of  the  Distance,  or  as       . — In  our  present  subject  we  are  con- 

r^ 

cerned  mainly  with  forces  that  act  towards  or  from  centres  of  force, 
the  magnitude  of  the  force,  due  to  any  such  centre,  varying  in- 
versely as  the  square  of  the  distance  from  that  centre,  A  single 
magnetic  pole,  or  a  single  sphere  charged  with  electricity,  are 
simple  cases  of  such  centres  of  force. 
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We  will  first  discuss  this  important  case  without  making  any 
reference  to  the  nature  of  the  force,  whether  it  be  electrial, 
magnetic,,  or  of  any  other  description ;  and  then  we  will  apply 

the  general  results  obtained  to  electro- 
0  statics. 

Let  O  represent  a  centre  of  force,  and 
let  us  suppose  that  there  is  a  particle  that 
is  repelled  from  this  centre  with  a  force 

that  varies  as  — : -^^, 

(distance)'* 

If  at  I  centimhre  the  force  be  measured  by  F  dynes,  then  at  dis- 

F  F 

tance  r^  it  will  be'    -,-,  and  at  distance  r^  it  will  be  ~ — r^,  dyms\ 

r^  and  r^  being  measured  in  centimetres. 

What  work  then  will  be  done  in  moving  the  particle  from  A  to 
B  ?  This  is  evidently  no  simple  matter  of  arithmetic,  for  we  cannot 
by  any  arithmetical  means  find  the  average  force  as  we  did  in  §  6. 

We  might  work  out  the  problem  here  without  going  into  any 
advanced  mathematics.  But,  as  the  calculation  is  one  which 
belongs  essentially  to  the  integral  calculus,  and  is  a  very  easy 
matter  to  settle  with  the  aid  of  this  powerful  mathematical 
weapon,  we  prefer  in  an  elementary  Course  to  give  merely  the 
result. 

This  result  is  that 

Work  done  in  moving  the  _  p  /  I    _    i  \ 
particle  from  A  to  B  "'re       r^.) 

If  A  be  so  remote  from  O  that  the  force  at  A  is  quite  inap 

preciable  as  compared  with  that  at  B,  or  so  remote  that  ,  -.-  anc 

are   practically  zero  as  compared  with  ^ — .   and    — ,   ther 

we  may  consider  A  to  be  at  an  infinite  distance  from  O.     Wi 
thus  obtain  from  our  formula  the  result  that 

W^ork  done  in  bringing  the  particle  _  F 
from  an  infinite  distance  up  to  B      r^ 

The  reader  is  here  warned  to  remember 
(i.)  That  F  is  the  force  acting  on  the  particle  when  at  uni 
distance  from  O. 
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(ii.)  That  r  refers  to  the  distince  from  O  up  to  which  the 
particle  is  brought,  and  is  not  the  distance  through  which  it  is 
nioved. 

§  8.  Potential,  and  Difference  of  Potential — If  the  reader  wil] 
turn  baick  to  Chapter  V.  he  will  there  see  explained  the  general 
meaning  of  potential,  and  the  measurement  of  the  same  with 
respect  to  some  chosen  zero.  The  explanation  was,  however,, 
incomplete,  because  we  had  not  then  considered  the  (juestion  of 
Work. 

Referring  to  the  diagram  given  in  §  7,  we  now  understand  that 
there  is  between  A  and  B  a  certain  difference  of  potential ;  and  that 
it  is  measured  by  the  work  done  on  some  sort  of  unit  particle  in 
bringing  this  from  A  to  B. 

If  the  field  of  force  be  one  due  to  gravitation,  and  be  con- 
sidered to  be  practically  uniform  and  acting  with  a  force  of  981 
dynes  on  i  gramme  mass,  or  with  i  dyne  on  ^^  gramme,  then  we 
do  one  erg  work  in  raising  our  mass  of  ^\^  gramme  through  i  centi- 
metre vertically.  Or  we  could  theoretically  measure  in  centimkres 
the  ^Stxtnctoi  gravitation  potential  or  level  htXwttn  two  points  by 
finding  the  work  done  in  ergs  in  raising  a  particle  of  .,  J,  ^  gramme 
mass  from  one  point  to  the  other. 

If  the  field  of  force  be  electrical,  then  we  take  as  our  unit 
particle  a  +  unit  of  electricity ;  and  we  measure  the  difference 
of  electric -potential  between  the  points  A  and  B  by  the  work 
that  is  done  on  this  test-particle  in  moving  it  from  A  to  B. 

If  the  work  is  found  to  be  negative,  we  say  that  the  final  posi- 
tion has  a  lower  potential  than  the  initial  position. 

Note, — The  reader  must  observe  that  all  fields  of  force  can  l)e  considered 
from  the  potential  point  of  view,  and  that  we  may  speak  of  gravitation- 
potential  as  well  as  of  magnetic-  or  electric-potential. 

§  9.  Application  of  §  7  to  the  Heasnrement  of  Electric-Poten- 
tial.— Referring  to  the  diagram  given  in  §  7,  let  us  now  consider 
the  case  of  electrostatic  forces. 

Let  us  take  as  our  test-particle  (see  above)  a  -h  unit  of  elec- 
tricity ;  and  iet  there  be  situated  at  O  a  quantity  of  electricity 
measured  by  Q  units,  this  giving  us  an  electrical  field  of  force. 

By  the  laws  of  electrostatics,  summed  up  at  the  end  of  §  13, 
Chapter  IV.,  the  force  exerted  upon  our  +  unit  by  a  quantity  of 

K  2 
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.  will  at  unit  distance  be  measured  by  Q  dynes  ;  and,  al 

J  other  distance  r  from  the  centre  O,  by  -^  dynes. 

Let  Va  and  Vb  represent  the  numerical  value  of  the  potentials 

Lt  A  and  B  respectively  ;  these  being  measured  by  the  number  ol 

er^:;s  work  done  in  bringing  our  +   unit  from  infinity  up  to  the 

points  A  and  B  respectively.     Then  the  formulae  given  in  §  7  tell 

us  that — 

The  absolute  potential  Va  of  the  _  O 

point  A  ^A 

The  absolute  potential  Vb  of  the       O 

point  B  ^B 

The  difference  of  potential,  Vb  —  Va,  _  q  /!_  _  _1  \ 
between  the  points  A  and  B  \;*b      ^a  * 

An  example  or  two  will  make  the  meaning  clearer, 
(i.)  Let  there  be  +  24  units  of  electricity  at  the  point  O ;  let 
rx\  be  4  cvis.^  and  let  ^a  be  6  C7ns, 

Then  at    unit  distance  (or  i  cm,)  from  O    our    +    unit  will 

be  repelled  with  a  force  of  24  dynes  \  at  B  with  a  force  of  — t 

"^  2^2 

=  ^"^  dynes  ;  and  at  A  with  a  force  of  -1  =  -  dynes, 
2  6^      3 

The  potential  of  B  will  be  greater  than  that  of  A  by  an  amount 

measured  by 

Or  it  will  take  2  ergs  work  to  move  our  +  unit  from  A  up  to  B. 
The  absolute  potential  of  B  will  be  measured  by  —  =  6 ;  and 

^  V"*  that  of  A  by  '^^  =  4  ;  or  it  will 

0  6 

.  '*^    take  6  ergs  to  move  our  4-   unit 

•  from   infinite  distance  up  to  B, 

and  4  eigs  to  move  it  from  in- 

+  w  finity  up  to  A. 

^  (ii.)    Let    there     be     several 

quantities  of  electricity,  as  +  20  at  O,  —  16  at  P,  -f-  10  at  Q. 

These  will  give  rise  to  a  somewhat  complex  field  of  force.     But 

still  the  results  arrived  at  in  §  7  and  in  the  present  section  enable 


-y^ 
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Us  to  find  easily  the  potentials  of  any  points  as  B  and  A  in  the 

field,  and  the  difference  of  potentials. 

For  the  total  work  due  to  this  system  of  electric  charges  will  be 

the  algebraic  sum  of  the  works  due  to  each  charge  separately. 

20 
Thus  the  absolute  potential  of  B   will  be  measured  by 

+  BQ'  B  P '  ""^  '^"'  "^  '^  ^y  To  +  ili  -  aV  "'"^^ 
the  difference  of  potential,  Vg  —  V^,  is  easily  found  by  subtraction, 
(iii.)  Where  there  are  a  whole  series  of  quantities  ^j,  i/2,  ^3  •  •  • 
situated  at  distances  r,,  r.j,  r3  .  .  .  respectively  from  a  point 
B,  then  the  potential  of  B  as  due  to  these  quantities  will  be 

'/i  ^  ^i  _^  ^3_|.    ^  ^  ^    .  which  is  conveniently  represented   by 

^1      ^2      ri 

2l.  ^ .  Here,  of  course,  attention  must  be  paid  to  the  sigm  of  the 
quantities  ^,  &c. 

And     Vb  -  Va  =  2  ^  -  2   '^. 

(iv.)  Where  the  quantities  are  distributed  continuously  over  a 

conductor,  or  over  any  surface,  this  adding  up  of  ^*  +   ...  ^cc. 

becomes  in  general  a  matter  for  the  application  of  the  integral 
calculus, 

Nofe^—li  may  occur  to  the  reader  that  if  r  be  zero,  or  if  we  touch  the 

charge  Q,  then  the  potential  becomes  infinite,  since  ^  =  00 .     In  answer  to 

o 

this  we  may  remark  that  it  is  physically  impossible  to  be  at  zero  distance  from 
any  finite  mass,  or  electrical  or  magnetic  qtianlity.  We  can  be  at  zero  distance 
only  from  a  geometric  point.  Hence,  we  cannot  have  Q  finite  and  r  zero 
simultaneously. 

§  10.  Equipotential  Surfaces. 

(i.)  If  we  so  move  our  +  unit  of  electricity  as  not  to  move  up 
or  down  the  lines  of  force,  then  we  do  no  work  against  the 
electrical  forces.  Hence,  by  definition,  all  the  positions  thus 
arrived  at  must  have  the  same  potential. 

Let  us  consider  the  case  of  a  simple  field  of  force  due  to  a 
single  charge  of  Q  units  situated  at  the  point  O  (see  §  7,  figure). 
If  we  move  our  +  unit  over  any  sphere  that  has  O  as  centre,  we 


-:^  ergs. 
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do  no  work  ;  and  hence  every  point  on  such  a  spherfe  has  the 
same  potential. 

Tlius  if  we  consider  the  sphere  that  has  O  as  centre  and  that 
passes  through  the  point  A,  it  is  clear  thsjt  all  poi-nts  on  this  sphere 
have  the  same  potential  as  A ;  a  potential  that  is  measured  by 

Q 

It  is  necessary  to  do  work  to  the  amount  of  Q  f   -  —  -\ 

\rB      rj 

ergs  to  move  our  -f  unit  of  electricity  from  any  point  on  the 
si)here  passing  through  A  to  any  point  on  that  passing  through  B. 

(ii.)  Equipotential  surfaces  in  general, — Where  there  are  many 
centres  of  force,  there  both  the  lines  of  force  and  the  equipotential 
surfaces  will  be  complex,  and  will  not  have  the  simple  forms  that 
they  had  in  the  last  case. 

But  in  all  cases  certain  general  results  hold  good.  The  equi- 
potential surfaces  are  always  perpendicular  to  the  lines  of  force 
\see  §  11) ;  they  may  be  mapped  out  into  a  series  of  *  marked' 
surfaces  such  that  we  do  one  erg  work  in  moving  our  +  unit 
between  two  consecutive  surfaces  ;  these  marked  surfaces  will  be 
closer  together  where  the  field  is  stronger,  further  apart  where 
the  field  is  w^eaker,  and  at  a  constant  distance  where  the  field 
is  uniform. 

§  II.  Lines  of  Force  are  Perpendicular  to  Equipotential 
Surfaces.— This  has  been  already  proved  implicitly  ;  or  rather  it 
is  a  consequence  of  the  very  definition  of  an  *  equipotential  sur- 
face.'    But  it  may  be  well  to  give  a  formal  demonstration. 

Let  P  F  be  a  line  of  force  ;  and  let  A  P  B  be  a  section  of  the  equi- 
potential surface  that  passes  through  P  ;  and  let  P  T  be  a  section  of 

^    the  tangent-plane  to  this  surface,  at  the 
point  P. 

Then  shall  PF  be  perpendicular  to 
the  tangent  P  T.  For  if  possible  let  it 
lie  as  P  F' ;  making  with  P  T  an  angle 
less  than  90°.  We  can  now  resolve  the 
force  P  F  into  two  components,  alonjj 
^     ^f  the  tangent  PT  and  perpendicular  to  it 

respectively.  For  the  former  component  we  have  P  F  cos  F'  P  T  ;  and 
this  is  not  z^Yo^  since  F'PT  is  not  90°.  Since  then  there  is  a  tan- 
gential component,  we  should  do  work  in  moving  our  +  unit  alon^ 
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^'  i  the  surface  near  P.  But  this  is  contrary  to  hypothesis,  since  A  P  B 
is  an  equipotential  surface.  Therefore,  F  P  must  be  perpendicular 
to  A  P  B. 

§  12.  Pield-strengtb;  and  Rate  of  Change  of  FotentiaL— 

7"he  diagram  represents  a  portion  of  a  field  of  force ;  this  por- 
tion being  so  small  that  we  may  consider    it  to  be  uniform, 

or   the  lines  of  force  to    ^„.. 

be     parallel    (see  §    13,    

corcll.).     Let  A  and  B        

be     any   two   points   in 

this  field,  and  let  them  ". 

be     separated  by  a  dis-  ^  """'' 

t^rxct  of  A  B  c^ts,  ' 

If  A  B  be  not  perpendicular  to  the  lines  of  force,  t.e,  if  A  and 
^  be  not  on  the  same  equipotential  surface,  there  will,  be  a  force 
^>:x  a  -^  unit  of  electricity  acting  along  the  line  AB. .  We  may 
r^  i;iiresent  the  force  on  a  +  unit  that  acts  from  B  to  A  by  the  symbol 
^"  X  ;  this  will  be  measured  in  dynes,  and  may  be  +  or  —  as  it 
^^^tis  from  B  to  A  or  from  A  to  B.  [See  §  i  (i.)  ;  and  compare 
C^lnapter  IL  §  8.] 

By  the  definition  of  *  field-strength,'  &c.,  it  is  clear  that  F;  measures 
^Viat  component  of  the  field-strength  that  has  the  direction  B  A. 

Then,  by  the  definition  of  work,  we  have 

.The  work  done  in  moving        fb  ^   a  n  ^*.^. 
our  +  unit  from  A  to  B  ^     - 

But,  by  the  definition  of  potential,  this  work  measures  the 
difference  of  potential  between  A  and  B  ;  or  we  have  (V^  —  V^) 
=  FJ  X    AB. 

Whence  FJ  =  ^^^^-'^ . 

AB 

Now  since  A  B  is  measured  in  centimetres,  this  last  expression 
represents  the  change  of  potential  per  unit  length,  or  the  rate  of 
change  of  potential,  along  A  B. 

V  --  V  \ 
So  we  may  translate  this  formula  (FJ  =     °         ^1  into  words 

somewhat  as  follows. 
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Iti  a  field  of  force,  the  component  in  any  direction  of  the  jorcr 
acting  upon  a  +  unit^  i.e.  the  co?nponent  in  any  direction  of  the  total' 
fie  Id' strength^  is  measured  by  the  space-rate  of  change  of  potential  in 
that  direction. 

When  the  potential  is  constant  there  is  zero  field-strength,  and^ 
conversely. 

It  is  very  important  to  remember  that  a  field  of  force  implies 
varying  potential,  and  conversely. 

Examples. — (i.)  In  the  inside  of  a  charged  vessel  we  irayhavta 
potential  of  very  great  magnitude ;  but  it  is  constant  throughout,  and 
we  have  zero  field  of  force. 

(ii.)  Half-way  between  two  equal  charges  of  the  same  sign  we  have 
a  certain  potential  ;  but  there  is  a  point  of  zero  force. 

(iii.)  Half-way  between  two  equal  charges  of  opposite  signs  we 
have  zero  potential,  but  not  zero  field  of  force. 

§  13.  The  Mapping  Out  of  Lines  of  Force;  Simple  Case.— 
Since  we  can  draw  a  line  of  force  through  every  point  in  the  field 
— such  a  line  being  defined  as  the  direction  in  which  a  -I-  unit  of 
electricity  is  urged— it  follows  that  the  Hnes  of  force  are  infinite  in 
number. 

But  a  little  further  consideration  will  show  us  that  here,  as  in 
the  case  of  equipotential  surfaces,  we  can  mark  a  certain  number 
out  of  this  infinite  crowd  of  lines,  in  such  a  way  as  to  represent 
the  various  strengths  of  different  parts  of  the  field. 

Let  us  as  before  consider  the  simple  case  of  a  single  charge  of 
Q  units  collected  at  the  point  O  (see  fig.  §  7) ;  and  let  us  con- 
sider first  a  spherical  surface,  described  about  O  as  centre,  with 
radius  i  centimetre.  At  any  point  on  this  sphere  the  force  exerted 
on  a  -f  unit  will  be  Q  dynes ;  or  the  strength  of  the  field  will  be 
measured  by  Q. 

The  reader  must  remember  that  in  our  present  case  the  lines 
of  force,  which  are  infinite  in  number,  radiate  from  O  ;  and  that 
they  cut  at  right  angles  the  surfaces  of  all  spheres  which  have  0 
as  centre. 

Now  let  us  mark  out  (we  may  suppose  that  we  paint  them  red) 
such  a  number  of  lines  of  force  that  exactly  Q  of  them  pierce  each 
I  square  centimetre  of  this  spherical  surface.  Then  the  number 
of  lines  piercing  unit  area  placed  perpendicularly  to  the  lines  of 
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ce  does,  over  this  spherical  surface,  represent  numerically  tho 
ength  of  the  field. 

At  2  centimetres  distant  from  O  these  marked  lines  will  havei 
read  out  over  a  sphere  of  four  times  the  area  ;  and  therefore 
ere  will  be  :}^  Q  lines  piercing  each  i  square  centimetre  of  the 
here  whose  radius  is  2  centimetres.  And,  in  general,  at  any 
stance  r  from  O  the  lines  will  have  so  thinned  out  that  the 
imber  piercing  each  i  square  centimetre  of  the  sphere,  whose 


dius  is  r,  will  be  ^. 

r^ 


But  ^,    ^,    ...    ^,    also    represent    the   strengths   of    the 
4     9  H 

eld  at  distances  2  centimetres^  3  centimetres^  r  centimetres^  from 

>   respectively.      Therefore   these   marked   lines   will   represent 

umerically  the  strength  of  the  field  at  any  point,  by  the  number 

►f  them  that  at  that  point  cut  i  square  centimetre  held  perpendicular 

o  them. 

The  reader  should  carefully  study  this  method  of  marking  out 
he  lines.  He  will  see  that  it  consists  in  marking  out  such  a  num- 
:>er  that  they  do  over  one  equipotential  surface  (viz.  over  the 
iphere  of  unit  radius)  represent,  by  the  number  piercing  each  i 
^*/uare  centimetre^  the  field- strength  at  all  points  over  this  surface. 
He  will  see  also  that  the  result  found  to  hold  is  that  these  lines 
^o  chosen  will  indicate  the  field-strength  at  any  distance  from  C), 
'n  just  the  same  manner. 

Of  course  where  the  force  on  -f  unit  is  less  than  i  dyne^  or 
the  field-strength  is  less  than  unity,  there  will  be  less  than  i 
line  piercing  each  i  square  centimetre.  We  must  then  take 
several  square  centimetres  and  divide  the  number  of  lines  piercing 
them  by  the  number  of  square  centimetres  taken. 

Corollary,  Uniform  field. — Hence  it  follows  that  in  a  uniform 
field  the  marked  lines  of  force  are  parallel  and  equidistant  from 
3ne  another. 

§  14.  General  Case. — We  cannot  in  an  elementary  Course 
i>roi'e  that  the  same  result  holds  in  the  general  case  ;  but  at  least 
the  above  discussion  will  prepare  the  reader  for  the  following 
statement.  It  may  be  well  to  point  out  that  *  equipotential  sur- 
face,' and  *  surface  lying  perpendicularly  to  the  Hnes  of  force'  are 
synonymous  expressions. 
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*  If  we  mark  out  such  a  number  of  the  lines  of  force  that 
any  one  equipotential  surface  they  measure^  by  the  number  pit 
each    I    square  centimltre^  the  field-strengths  all  over  that 
potential  surface^  then  will  these  same  marked  lines  in  any  parii^ 
the  field  measure  the  field-strength  by  the  number  piercing  i 
centimetre  held  perpendicularly  to  the  lines  of  force  at  the  place  \ 
question  J 

It  is  to  be  noted  that  when  we  use  the  expression  '  number ( 
lines  of  force/  we  refer  to  these  marked  lines. 

§  15.  Total  irnmber  of  marked  Lines  of  Force.— In 
simple  case  given  in  §  13,  since  we  mark.Q  lines  of  force 
each  I  square  centimktre  of  the  sphere  of  i  centimetre  radius, 
since  such  a  sphere  has  an  area  of  47r  square  centimetres^  it  folic 
that  we  have  a  number  4  tt  Q  of  such  marked  lines. 

And  if  there  be  any  system  of  quantities  of  electricity  + 
— ,  and   if  the  whole  system  of  quantities  be  surrounded 
an  envelope,  then  the  total   number  of  +  lines  piercing  tl 
envelope  will  be  4  tt  2  Q ;  where  S  Q  is  the  algebraic  sum  of  the] 
(juantities.  ^' 

§  16.  Tubes  of  Force.  *F<r  is  Constant* — ^We  may,  out  of] 
the  infinite  crowd  of  lines  of  force,  construct  hollow  tubes 
bounded  by  the  lines.     Such    tubes*  are  called  tubes  of  fora. 

Now  lines  of  force  cannot 
cross  ;  for,  if  they  did,  it 
would  mean  that  at  the 
point  where  they  crossed 
there  were  two  resultant 
forces^,  which  would  be  absurd.  Hence,  if  such  a  tube  once  in- 
clude any  number  n  of  the  marked  lines,  it  will  always  include 
these  same  lines,  neither  more  nor  fewer. 

Let  us  consider  the  simple  case  of  §  13,  and  let  us  suppose 
the  area  of  the  perpendicular  cross  section  of  such  a  tube  to  be 
a,  square  centimetres.  Then,  if  the  tube  enclose  n  lines  of  force, 
there  are  n  lines  of  force  piercing  er,  square  centimetres  ;  or  the 

average  force  on  our  +  unit  will  be  measured  by  — ,  according  to 

the  results  of  §  13.  If  we  namo  this  average  force  F,,  then  the 
product  of  (average  force  over  cross  section)  into  (the  cross  section) 
will  be 
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,     X   <T,  =  X    «Tj    =  «. 

If  we  take  another  section  (t^  of  the  same  tube  we  have  for 

ft 
*rage  force  the  value  -  ;  and  the  product  Fg  x  fr^  still  equals  ?l 

*nce    we  have  for  the  same  tube  of   force  the   result  that 
'Ti=E20'2  =  «  .  .  =«  =  constant ;    which   is    more    shortly 
Lied  as  — 

^  F  <r  =  constant. 

/ 
If  we  take  an  oblique  section  <r',  and  take  the  force  F'  resolved 

rrpendicular  to  this  oblique  section,  then  F'  =  F  cos  d,  and  a^  =  tr  sec  ^, 

Here  6  is  the  angle  that  the  oblique  section  makes  with  the  perpen- 

cular  section.     Hence  the  product  FV  =  F<r  =  constant. 

We  may  state  this  property  of  tubes  of  force  as  follows. 

If  iT  be  the  area  of  cross  section  of  a  tube  of  force  ^  and  F  be  the 
uerage  force  on  +  unit  over  this  area  o-  resolved  perpendicularly  to 
,  then  the  product  Fo-  is  constant ;  it  equals  «,  where  n  is  the  number 
f  marked  lines  of  force  enclosed  by  the  tube  in  question. 

We  have  proved  the  above  only  for  the  simple  case  of  §  13;  but 
•e  here  state  that  it  is  true  for  any  field,  however  complex. 

A  tube  of  force  in  which  one  marked  line  is  enclosed,  or  a 
ube  where  Ft  =  i,  is  called  a  unit  tube  of  force, 

§  17.  Statement  of  some  farther  Theorems  on  Lines  of 
i'orcc. 

(i)  It  can  be  shown  that  a  tube  of  force  terminates  against 
qual  and  opposite  quantities  of  electricity,  +  q  and  —  q  respec- 
ively.  This  statement  includes  Faraday's  law  ot  electrostatic 
nduction  referred  to  and  discussed  in  Chapter  IV.  §  16. 

(2)  Lines  of  force  and  tubes  of  force  do  so  terminate  when 
hey  meet  a  conducting  surface.  Any  lines  of  force  on  the  other 
ide  of  the  conducting  surface  are  either  lines  that  have  curved 
ound  part  the  edge  of  the  conductor,  or  are  independent  lines 
iue  to  other  charged  systems. 

(3)  Hollow  conductor  acting  as  a  screen. — The  diagram  repre- 
ents  in  section  a*  hollow  conductor  X  Y  separating  two  systems  of 
lectrical  charges,  abc  external,  and/ ^ r  internal. 

Now  theory  and  experiment  show  that  no  lines  of  force  due  to 
tbc  exist  inside  X  Y  (see  Chapter  IV.  §  13  (ii.)).  Hence,  if  X  Y 
&  to  earth  the  system  pqr'x^  totally  unaffected  \y^  abc  \  and  if 
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Fig.  i. 


X  Y be  not  to  earth  the  only  influence  oi  abc  will  be  to  raiscj 
lower  the  potential  of  X  Y  and  of  its  interior  as  a  whole  ;  theyi 
not  in  either  case  alter  the  nature  of  the  field  inside. 

Again,  both  theory  and  experiment  show  that  the  external 
of  the  presence  of  the  system  pqr  inside  X  Y  is  to  cause 

to  be  on  the  external*  sui 
of  X  Y  a  charge  of  magnit 
equal  to  the  algebraic  sunn 
/  +  ^  +  /• ;  but  that  this 
ternal   charge    is    distribut 
simply  according  to  the  si 
of  X  Y.  and  to  the  distribut 
of  external  bodies,  notaccor 
ing  to  the  position  of/,^,  ai 
r  {see  Chapter  IV.  §  i6  (c)\ 
Hence  X  Y  acts  as  a  set 
between  the  two  systems. 
So  we  may  use  large  conducting  plates  put  to  earth  as  faiiljj 
complete  screens.     A  wire-gauze  case  will  completely  saeen  an{ 
electroscope  (see  note). 

(4)  Potential  at  an  external  point  due  to  uniformly  charged  conca- 
trie  spheres. — It  can  be  shown  by  the  integral  calculus  that  if  wehave 

a  series  of  concentric 
spheres  of  centre  Q 
having  charges  Qi, 
Q.^,  Q3   respectively, 

p   then  the  potential  at 

an  external  point  P 
due  to  these  charges 
will  be  the  same  as 
if  they  were  all  col- 
lected at  the  com- 
mon centre  C.   Or 


10. 11. 


V  -Q. 

V  p 


+  Q2  -^  Q3  + 


PC 

Note  on  insulated  spherical  screens. — We  will  consider  here  two  simple 
cases  of  uninsulated  and  uncharged  screens,  showing  what  effect  their  presence 
has  upon  the  potential  of  an  external  point.  The  reader  can  easily  draw  for 
himself  the  simple  diagrams  that  represent  the  two  cases  considered. 
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.)   Let  there  be  a  charged  sphere,  or  a  charged  particle,  A  ;  and  let  there 
1  external  point  P  at  a  distance  R  from  A.     Then  if  the  charge  on  A  be 

lits,  the  potential  Vp  of  P  is  measured  by  -^     If  now  an  insulated  and  un- 

K. 

•ged  spherical  screen  B  be  placed  round  A  concentrically  WvCti  it,  Ijetweenit 

the  point  P,  we  know  both  by  theory  and  experiment  that  the  field  at  P  is 

only  to  the  *  free  '  charge  that  has  been  '  repelled    to  the  surface  of  B  ;  the 

rge  4-  Q  on  A,  and  the  induced  charge   —   Q  on  the  inner  surface  of  H, 

ether  give  a  zero  field  at  any  point  P  outside.     But,   by  (4)  above,  the 

ential  at  P  will  be  the  same  as  if  the  charge  Q  on  the  sphere  B  were  col- 

ted  at  its  centre.     That  is,  we  have  still  Vp  =  j  .     Hence,  when  A  and  B 

R 

:   concentric,    the  presence  of  the  insulated  spherical  screen  B  makes  no 

ierence  in  the  pjotential  of  external  points. 

(ii.)  Next,  let  B  be  no  longer  concentric  with  A  ;  but  let  the  distance  from  P 

the  centre  of  A  be  R,  while  to  the  centre  of  B  the  distance  from  P  is  r.    Then 

thout  the  screen  we  have  Vp    =  ^7  as  before.     But,  with  the  screen,  we  have 

>w  Vp  =  >  ;  since  it  is  only  the  free  charge  on  the  screen  that  gives  a  field 
r 

the  external  point  P. 

(iii.)  If  any  charge  Q'  be  given  to  B,  we  have  merely  to  add  it  to  the 

duced  charge  Q  that  has  been  inductively  given  to  its  surface  ;  and  the 

itential  at  P  becomes 

R  r 

i  the  two  cases  respectively. 

§  18.  The  Potential  of  an  'Isolated'  Body.— Potential  is  a 
roperty  of  a  point  in  space,  as  explained  earlier.  But  any  equi- 
otential  surface  has  one  potential,  the  same  for  all  points  on  it. 
[ow  any  continuous  homogeneous  conductor  (as  a  brass  sphere 
r  cylinder,  a  tin  vessel,  &c.)  forms  an  equipotential  surface  ;  for 
o  differences  of  potential  could  exist  on  a  surface  where  electrical 
^adjustment  takes  place  instantly.  Hence  we  can  speak  of  *  the 
otential  of  a  conductor.' 

The  potential  may  be  a  hard  matter  to  calculate,  owing  to  the 
ontinuous  nature  of  the  distribution  of  electricity  over  the  body, 

rhich  makes  the  expression  2i?  of  §  9  (iii.)  in  general  a  matter 

3r  the  ifiiegral  calculus.     But  we  can  easily  deal  with  the  case  of 
sphere. 

§  19.  Potential  of  an  Isolated  Sphere.— The  figure  represents 
n  section  a  sphere  of  centre  O  and  radius  R.     Let  it  have  on 


142 


ELECTRICITY 


CH. 


it  a  charge  Q,  which  we  will  consider  to  be  divided  into  a  sew 
of  small  charges  ^j,  g^,  ^3,  &c.,  distributed  over  the  surface  of  tl 

sphere.      What  is  the  potential  of  tl 
sphere?     Or,  what  will  be  the  work 
quired  to  bring  our  +  unit  from  infiiul 
up  to  the  sphere  ? 

Now  the  sphere  has  the  same  poten- 
tial all  over  it,  and  inside  it     Hence  we, 
may  find  the  potential  of  the  most  con- 
venient point,  viz.  of  the  centre  O. 


But  by  §  13  this  is 


V..= 


o 


or 


V..= 


o 


Q 
R' 


Hence,  for  the  sphere  we  have  V  = 


_Q 


R' 


Now  let  us  consider  what  we  mean  by  *an  isolated  sphere.** 
There  is,  on  the  walls,  &c.,  at  a  distance  (let  us  suppose)  of  r  centi- 
metres from  the  centre  O,  a  charge  equal  to  —  Q.    Hence  the  tnu. 

potential  of  O  and  of  the  sphere  will  be 

R      7* 

But  if  r  is  so  large  as  compared  with  R  that  the  latter  term  ,2 

O  ^ 

may  be  neglected,  then  we  have  V  =  ^. 

R 

This  shows  clearly  the  meaning  of  isolated  ;  and  also  shows  how, 
for  the  same  charge,  the  potential  will  be  smaller  as  r  becomes 
smaller,  or  as  the  walls  close  in  (see  Chapter  V.  §  8). 

§  20.  Capacity  of  an  Isolated  Sphere. — By  the  definition  of . 
capacity  given  in  Chapter  V.  §  4,  we  have  for  an  isolated  sphere 


But  we  have  just  found  that  V  =^. 

R 


Hence  it  follows  that 


K  =  R.     Or  we  arrive  at  the  result  that 

The  capacity  of  an  isolated  sphere  is  measured  numerically  by  its 
radius  expressed  in  centimetres. 
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Note, — The  reasoning  just  employed  is  of  very  general  use.  .  Suppose  that 
find  by  calculation  that 

V  =  / .  Q    for  ah  isolated  body ; 
'  or  V  =  // .  Q    for  a  condenser ; 

^here  /and  h  involve  only  one  or  more  oT  the  following  quantities,  viz.  dimen- 
taons  of  the  plates,  distance  between  them,  and  nature  of  the  dielectric.  We 
may  then  argue  that,  by  the  definition  of  capacity  given  in  Chapter  V.  §  4,  and 
Chapter  VI.  §  4,  it  follows  that  K  =  /,  or  K  =  //,  in  the  two  cases  respectively. 

§  21.  Distributioii ;  from  the  Potential  Point  of  View.— In 
hydrostatics  it  is  frequently  very  useful  to  consider  the  distribu- 
tion of  a  liquid  to  be  such  as  will  cause  every  part  of  the  tree 
surface  to  be  at  the  same  level.  The  more  immediate  cause  of 
the  distribution  of  a  liquid  is  the  action  of  gravitation-forces  ;  and 
a  level  free  surface  rather  follows  from  this.  But  still  the  former 
view  is  often  convenient. 

So,  in  electrostatics,  the  cause  of  distribution  is  the  direct 
force  acting  on  each  elementary  portion  of  the  charge.  But  here 
also  it  is  often  convenient  to  regard  the  distribution  on  a  con- 
ductor as  such  as  will  cause  each  part  of  it  to  be  at  the  same 
electrostatic  potential.  This  last  must  be  the  resulting  condition, 
since  otherwise  we  could  not  have  equilibrium. 

We  will  take  one  case  as  an  example. 

'  What  must  be  the  general  distribution  on  an  elongated  cylinder 
that  it  may  be  all  at  one  V  ;'  or,  we  might  say,  *that  it  may  take  the 
same  work  to  bring  up  our  +  unit  to  any  part  of  it.^ ' 

If  the  distribution  were  uniform,  it  would  certainly  require  more 
work  to  bring  up  our  +  unit  to  the  central  portion,  into  the  presence 
of  the  whole  charge,  than  to  bring  it  up  to  the  end,  out  of  the  way 
of  most  of  the  charge.  But,  if  the  charge  be  more  crowded  at  the 
ends,  we  see  how  it  may  now  require  the  same  work  in  the  latter  case 
as  in  the  former.  Thus,  the  well-known  distribution  on  an  elongated 
cylinder  is  such  as  to  cause  the  whole  to  be  at  one  potential,  thouj^li 
it  more  directly  results  from,  the  equilibrium  of  the  tangential  com- 
ponents of  the  electrostatic  forces. 

§  22.  Two  Spheres  of  Different  Radii.-^Let  us  consider  two 
spheres  of  different  radii,  Ri  and  Rj. 

(i)  If  they  have  the  same  charge  Q,  then  ' 


V, 

ST 

Q. 

V, 

_Q. 

or 

V, 

v; 

= 

R, 
R." 
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(2)  If  they  have  the  same  potential  V,  then 

V  =  Q..V  =  Q?; 
R,  R2 

or    -^-  =     - . 

These  results  should  be  translated  into  words,  and  noted  carefully 
by  the  student. 

$  23.  Potential,  and  Density,  distinguished. — By  density  of 
charge,  we  mean  quantity  of  charge  per  unit  area.     We  use  the 
symbol  p  to  signify  the  numerical  value  of  defisity  of  charge.     We 
have,  by  definition,  •     •  • 

^     s 

where  Q  is  the  quantity  on  the  area  S ;  all  of  course  in  C.G.S. 
units. 

Now  we  have  seen  that,  on  any  conductor  but  a  sphere,  the 
density  is  not  constant  all  over,  while  the  potential  is.  At  a  point 
the  density  may  be  ver}-  great,  though  \hQ  potential  ht  small. 

We  will  illustrate  the  difference  and  the  connection  between  density 
and  potential  by  the  case  of  spheres. 

(i.)  Consider  two   spheres  of  equal  radius  R.     Then,  for  each, 

— ^=— -  .      Hence,  at  the  same  potentials  the  densities 
4  TT  K- 

are  equal,  and  both  \'  and  p  are  proportional  to  O. 

(ii.)  But  now  consider  two  spheres  of  different  radii  R,  and  R„ 

and  let  them  have  the  same  potential  \.     Then  for  the  two  respcct- 

i\  ely  we  have  O^  =  \'  R,  ;  O ,  =  \'  R.,  ; 


:  V- 


and  ^ 


VR, 


\- 


I 

4  7r  R,-      4  TT  K,  ' 

^^-'     _    J'^'   =       Y 
/'-        47rR^"    4  7rR^       4  tt  R,* 

Whence  p,  and  p.,  are  not  the  same,  and   ^'  =  -  - . 

9 1     Ri 

s^  24.  Force  on  a  +  Unit,  acting  Perpendicularly  to  a  Condncting 
Surface. 

It  is  for  many  purposes  very  important  to  know  how  great  is  the 
force  on  +  unit  at  a  surface,  urging  it  normally  to  the  surface.  The 
resultant  force  must  evidently  be  normal,  since  any  tangential  force 
would  imply  that  the  conducting  surface  was  not  at  one  potential. 

We  will  take  the  case  of  a  sphere.     Let  the  diagram  represent  a 
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sphere  of  radius  R,  and  total  charge  Q  ;  and  let  P  be  a  point  on  the 
sphere.     It  is  required  to  find  the  force  at  P  acting  on  +  unit. 

Now  by  the  result  of  calculation,  ^/^^^^ 
i"§  17  (4)>  we  learned  that  the  action  of 
the  charged  sphere  on  a  point  external 
to  it  is  the  same  as  if  the  whole  charge 
Q  were  collected  at  the  centre  E.  This 
is  true  quite  up  to  the  surface ;  or  is 
true  when  we  take  our  point  P  to  be 
just  on  the  external  surface.  Hence  on 
a  +  unit  at  P  there  is  acting  a  normal 

force  equal  to    ^  dynes. 

But,  if  p  be  the  uniform  density  of  charge  over  the  sphere,  then 
p  =  — ^p^  or  Q  =--  4  7rR'^p.      Hence,  for  the  force  F  acting  on   + 

4  TT  In. 

unit  at  the  surface,  we  get  F  -  4  jrp  in  dynes. 

Now  if  the  radius  of  the  sphere  increase  without  limit,  so  that  the 
surface  at  P  becomes  ultimately  plane^  no  change  will  occur  in  the 
expression  just  found,  provided  that  /j  remains  constant. 

Hence  the  formula  is  true  for  2i  plane  surface  on  which  the  density 
is  p.  It  is  indeed  true  for  any  surface,  p  being  the.  density  at  the  point 
considered.  This  general  result  is,  in  more  advanced  Courses,  proved 
independently,  without  reference  to  a  sphere. 

§  25.  Important  Case  of  a  Spherical  Condenser.— ^We  will 

now  show  how  to  find  the  capacity  of  a  spherical  condenser- 

As  in  the  case  of  an  isolated  sphere  we  found  two  expressions 
for  the  potential  of  the  sphere,  and  by  equating  them  found  the 
capacity  of  the  sphere ;  so  here,  in  the 
case  of  two  spherical  surfaces  forming  a 
condenser,  we  shall  find  two  expressions 
for  the  difference  of  potentials  of  the  two 
surfaces,  and  then  by  equating  them  shall 
find  an  expression  for  the  capacity  of  the 
condenser.  The  figure  represents  the  ideal 
Spherical  condenser,  in  which  there  are 
two  concentric  spherical  conductors,  the 
inner  being  totally  enclosed  by  the  outer.  In  the  practical  con- 
denser we  must  have  an  opening  through  the  outer  conductor, 
and  an  insulated  wire  and  knob  connected  with  the  mner ;  as  in 
Faraday's  condenser.  Chapter  IX.  §  4. 

1. 
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Let  C  be  the  centre.  Let  the  radius  of  the  inner  conductor 
be  Ra  cms.^  and  the  charge  on  it  be  +  Q ;  then  there  will  be  on. 
the  inside  surface  of  the  outer  conductor  a  charge  of  —  Q,  by 
Chapter  IV.  §  16.  Let  the  inner  radius  of  this  outer  conductor 
be  Rb  cffts.^  and  its  outer  radius  be  r  cms.]  and  let  there  be  on  the 
outer  surface  of  B  a  charge  Q', 

As  we  wish  to  find  an  expression  for  the  difference  of  potential 
(Va  —  Vb)  between  the  two  surfaces,  we  will  find  V^  and  Vb  sepa- 
raiely  first.  The  reader  must  note  that  Q  is  the  bound  d[i2s%t  (A 
Chapter  VI. 

Now  Va  is  the  potential  of  any  point  on,  or  in.  A,  since  A  is 
a  conductor  containing  no  insulated  charged  bodies  ;  and,  there- 
fore, Vx  is  the  potential  at  C. 

Hence     V^  =  ^^  +  ^  +  51 

by  the  results  of  §  19. 

And  Vb  will  be  the  same  as  the  potential  of  a  point  just  on 
the  outer  surface  of  B.  But,  by  §  17  (4),  this  will  be  the  same 
as  that  which  would  be  due  to  all  the  charges  collected  at  the 
common  centre  C. 

That  is, 

Vb  =  Q-Q-^Q^  =  Q:. 

r  r 

Hence  we  get 

(V.-V.)  =  Q(t_._i) ,., 

as  0)16  expression  for  the  difference  of  potential  between  A  and  B. 
Bat,  by  the  definition  of  capacity,  we  have  also  that 

(V,  -  V.)  =  g 

since  Q  is  the  *  bound  '  charge      Chapter  VI.  §  4. 
Hence,  equating,  we  have 

K  =  j,\^; m 

H  A 

The  quantity  Q',  and  the  outer  radius  r,  have  both  disappeared 
from  the  expression.  And  this  is  what  we  should  expect,  since  Q' 
has  opposite  to  it  on  the  walls,  &c.,  a  charge  equal  to  —  Q',  and  these 
two  charges  with  the  intervening  air  as  a  dielectric  form  another 
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■     (relatively  in signili cam)  condensing  system  with  which  we  are  noi  con- 
K     cemed  in  our  present  discussion. 

f  The  above  calculation  is  based  upon  the  supposition  that  the 
dielectric  >s  air.  For  our  (Quantity  Q  is  measured  in  terms  of  a 
unit  which  repels  another  unit  at  1  em.  distance  with  1  tfyne  force 
in  air ;  and  our  expressions  for  measurement  of  potential  depend 
on  this  condition. 

Now,  if  we  have  any  other  dielectric  oi  specific  inductive  capacity 
tr,  then  by  the  definition  01  r  given  in  Chapter  IX.  we  must  write 
V  .  K  instead  of  K  ;  and,  if  K'  is  the  new  capacity,  we  have 

The  reader  will  notice  that  this  \%  the  expression  that  we  should 
a-i-»-ive  ai  if  we  assumed,  all  through  ouf  calculations  of  potential  as 
ff^easured  by  work  done,  that  in  the  new  medium  the  quantity  Q  acted 

•^1  our  +  unit  with  a  force  of-  .  ^  dynes  at  a  distance  r,  instead  of 
a     r'  ' 

*>»«  i  (^nM  with  which  it  acts  on  the  +  unit  when  airisthemedium. 
tlence  we  conclude  thai,  in  a  medium  tA  specific  inductive  capacity  <Ty 
*heforcebeiween  two  quantities  QandQ' (measured  in  the  absnlute  unit 
«f  Chapter  V.  g  i),  separated  by  a  distance  /-,  willbe  '-  •  -  j^  dynes. 
We  may  write  the  above  relation  in  the  form 

Q  =  *-~t^^-(V,-V,)     ....     (8) 

§  i6.  The  Piato  Condenwr.— In  the  diagram  we 
give  a  simple  section  of  a  plate  condenser  A  B.  Let  ^ 
V^  and  Vg  represent  the  potentials  of  A  and  B  re- 
spectively ;  let  Q  be  the  'bound  '  charges  on  the  two 
plates  respectively  ;  let  /  be  the  perpendicular  distance 
between  them,  measured  of  course  in  centimetres  ;  let 
Sbe  the  area  of  the  inner  surface  of  either  A  or  B  ;  let 
|i  be  the  density  of  charge  on  these  inside  surfaces  ;  let 
o  be  the  specific  inductile  capacity  of  the  dielectric. 

Now  we  shall  assume  that  /  is  so  small  as  compared  with  the 
size  of  the  pla-.es  that  the  field  of  force  between  A  and  E  w 
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uniform  ;  />.  that  it  consists  of  lines  of  force  that  are  parallel  and 
equidistant,  which  implies  that  p  is  uniform. 

Then  by  §  12  we  have  for  the  field  strength  F,  or  force  acting 
on  a  4-  unit,  between  A  and  B, 

But  by  §  24  we  have  that  at  the  surface  of  the  plate 

F  =  4  TT  p. 

Now  it   IS    clear  that   /»  =  -^ ;  since  p  is  assumed  to  be 

uniform. 

Hence  we  have  V^  —  Vg  =  4  tt  p  / 

or  (Y,-Y,)  =  Q.±Zl („) 

But  by  definition  we  have  (V^  —  Vb)  =  ^. 
Whence 

^=44/  (^> 

In  the  above  we  have  assumed  air  to  be  the  dielectric.  But  if 
we  have  another  dielectric  of  specific  inductive  capacity  =  <r,  then  the 
formulae  become 

4Trt  ) 

§  27.  Eormnlse  for  Capacities,  &c. — For  convenience  we  here 
put  together  the  chief  formulae  that  have  occurred  up  to  the 
present  point  in  this  chapter,  adding  also  one  or  two  more. 

The  following  remarks  will  apply  to  some  of  them,  if  not 
to  all. 

(a)  All  the  measurements  are  in  the  C.G.S.  system  of  units. 

(d)  Electric  quantity  is  measured  by  reference  to  force  exerted 
when  air  is  the  dielectric.  When  there  is  another  dielectric  of  specific 

inductive  capacity  rr^  the  force  exerted  is  -th  that  exerted  through  air 

\5e2  ^25,  end).     The  capacity  of  a  condenser  with  this  dielectric 
will  by  definition  be  a  times  that  of  a  similar  air  condenser. 
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P         (c)  An  ordinary  condenser  is  really  a  doufi/e  system,  as  pointed 

F     out  immediately  after  equation  (/3)  in  §  25.     The  '  isolated '  body 

is  the  hmiting  case  of  such  a  condenser,  when  this  has  become  a 

sin^/e  system.     The  formulae  for  isolated  bodies  can  be  derived 

from  these  for  condensers,  though  it  is  often  more  simple  to  find 

them  independently. 

I.  Formula  connecting  V,  Q,  and  K. 

j  (i.)  For  'isolated '  bodies,  Q.  =  K.V. 

l(ii.)  For  condensers,  Q  =  K  .  (Vj  —  Vg). 

In  the  former  case  Q  is  the  sole  charge  ;  in  the  latter  Q  is  the 
*  bound  ^  charge, 

II.  Capacities  of  some  ^  isolated^  bodies. 

/  (i.)  For  a  sphere  of  radms  R,  in  air^  K  =  R. 
I  (ii.)  For  a  disc  of  radius  r  and  of  negligible  thickness,  in  air, 

2r 


K  = 


TT 


^(iii.)  For  a  cylinder  of  length  /and  of  relatively  small  radius  r^ 

in  air^  K= , 

2  log,  - 
r 

A  wire  comes  under  the  head  of  (iii.).     The  two  last  formulae 

have  not  been  proved  in  the  foregoing. 

III.   Capacities  of  some  condensers. 

(i.)  For  a  spherical  condenser  where  the  radius  of  the  inside 
sphere  is  Ri,  and  that  of  the  inner  surface  of  the  outer  sphere  is  R2, 

TT    __   ""•   Rj     R2 

R2  — Ri 

(ii.)  For  two  co-axial  cylinders  of  common  length  /,  the  radius 
of  the  inner  being  rj,  and  that  of  the  inner  surface  of  the  outer 
cylinder  being  r.^, 

2  log,  ^ 

(iii.)  For  two  discs,  that  surface  of  either  on  which  is  the  bound 
charge  being  S,  and  the  distance  between  them  being  /, 

K  =  ^. 

47r/ 
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This  formula  applies  to  any  case  of  parallel  surfaces  where  the 
dimensions  are  very  large  as  compared  with  /.  In  fact,  the  formula 
(i.)  above  can  be  transformed  into  this  when  Rj  and  Ro  are  very 
great  as  compared  with  (Rq  — R|). 

§  28.  Energy  of  Charging  and  Bisoharg^. --When  electricity 
falls  from  a  higher  to  a  lower  level,  work  can  be  done  ;  we  lose  a 
certain  quantity  of  electrical  potential  energy,  and  we  must  have 
an  equivalent  in  heat  or  mechanical  work,  &c.  If  conversely  we 
raise  electricity  from  a  lower  level  to  a  higher,  we  expend  this 
work  and  gain  the  above  electrical  potential -energy  which  is  an 
equivalent  (see  §  4). 

There  is  no  more  important  matter  in  our  present  science  of 
electricity  than  this  question  of  the  application  of  the  law  of 
'  Conservation  of  energy  '  to  electrical  charge  and  discharge.  We 
will  consider  the  matter  under  three  heads. 

Case  /.  The  case  where  an  electrical  quantiy  Q  passes  between 
two  conductors  of  fixed  potentials  ^  ^^  and  Y^,- -Now  by  definition 
and  measurement  of  potential,  we  do  on  each  4-  unit  an  amount 
of  +  or  —  work  that  is  measured  by  (V|  — Vj)  er^s.  Hence, 
on  the  quantity  of  Q  units  we  do  -h  or  —  work  measured  by 

Q.{y,'-y,)e^s. 

If  one  potential  be  V  and  the  other  be  zero,  the  work  is  Q .  V 
ergs. 

Hence,  in  this  case  the  energy  E  of  charge  or  discharge  is 
measured  by 

E^Q,(V,^y,)er^s^ 

or  E^Q.V  ergsi ^^ 


Case  IL  The  case,  more  usual  in  electrostatics,  where  the 
potential  alters  during  charge  or  discharge, — We  will  consider  the 
simplest  case  of  charging  a  conductor,  that  is  originally  at  zero 
potential,  with  a  quantity  Q,  up  to  a  potential  V. 

Here  the  potential  of  the  conductor  rises  in  arithmetical  pro- 
gression with  the  charge  given,  since 

potential  =  /^^^rge 
capacity 

and  capacity  is  constant  The  result,  therefore,  is  that  the  same 
work  is  done  as  if  the  7vhole  charge  were  raised  to  half  the  final 
potential  V.     Hence  the  work  of  charging,  or  energ)-  expended. 
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vrillbe  E  =  ^QV 

orE  =  ^KV« 


(/3) 


since  V  =  ^ 

This  same  expression  gives  the  energy  of  discharge. 

Analogies. — (a)  So,  it  we  reckon  the  number  oi foot-pounds-weight 
done  in  building  with  P  lbs.  of  bricks  a  tower  of  H  feet  high,  it  being 
assumed  that  the  tower  is  cylindrical  or  rises  in  arithmetical  progres- 
sion with  the  amount  of  bricks  used,  we  get  as  a  result  the  same  work 
as  if  all  the  bricks  were  raised  to  half  the  vertical  height  H  ;  i.e. 
we  get 

work  »  J  P  .  H  .  foot-pounds-weight 

{b)  A  similar  expression  is  obtained  for  work  done  by  water  flowing 
out  of  a  cylindrical  reservoir  of  an  average  height  of  ^  H  above  the 
lower  level. 

Case  III.  Case  of  discharge  of  a  condenser. — In  the  ordinary 
condenser  we  have  two  plates  of  potentials  V,  and  Vj  respec- 
tively. 

In  this  case  the  discharge  will  cause  the  equal  and  opposite 
charges  +  Q  and  —  Q  to  disappear,  leaving  the  whole  condenser 
at  some  potential  v  due  to  the  *  free '  charge.  Taking  the  two 
charges  +  Q  and  —  Q  separately,  we  have  for  the  former 

energy  =  |r  Q  (Vi  —  v\ 
and  for  the  latter 

energy  =  i  (  —  Q)  ^^2  -  ^)- 
Adding  the  two  we  get 

E  =  iQ.(Vi-V,) (y) 

which  is  the  same  as  result  (/3),  if  the  one  coating  of  the  condenser 
be  at  zero  potential. 

The  reader  should  notice  that  in  the  case  of  the  Leyden  jar  charged 
to  potential  V  of  inner  coating,  the  outer  coating  being  to  earth,  we 
have  for  the  discharge  of  the  jar  the  expression  J  Q  V. 

§  29.  Examples  in  Energy  of  Discharge. 

(i.)  *  A  conductor  is  charged  with  8  units  to  potential  7.  What  is 
the  energy  of  discharge  .'^ ' 

Here  E-iQV  =  i.7.8»28  ergs. 


\ 
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*  And  what  was  its  capacity  ? ' 

HereK  -S-^- 
V     7 

(ii.)  *A  conductor  of  capacity  10  is  charged  with  4  units.    What  is 
the  energy  of  discharge  ? ' 

(iii.)  *  A  sphere  of  radius  4  cm.  is  charged  with  12  units.     Find  the 
energy  of  discharge.' 

Here  K  =  4  {see  §  19) 

andE=.i^'.l|4«  iZergs. 

Two  harder  examples  are  worked  out  in  §  35, 

§  30.  Energy  of  Discharge  in  the  Cascade  Arrangement  of 
Leyden  Jars. — We  must  now  ask  the  reader  to  turn  back  to 
Chapter  VI.  §  9,  and  to  notice  the  arrangement  there  describe^ 
and  the  notation  employed. 

We  found  that  if  there  were  n  equal  jars  in  cascade,  the  diff*^^' 
ence  of  potential  between  the  inside  and  outside  coatings  of  ea^^"^ 

jar  was     th  that  of  a  single  jar  charged  from  the  same  source  ar^  ^ 

having  its  outside  coating  to  earth,  the  charge  of  each  jar  bein^ 

also  -  th  that  of  the  single  jar  fully  charged. 

It  follows  that,  in  the  case  of  the  single  jar  thus  fully  charged, 
we  have  for  the  energy  of  discharge  E  the  value 

^^\q_Yergs (i.) 

while,  for  all  the  n  jars  of  the  cascade,  we  have  for  the  total  energy 
of  discharge  E''  the  value 

E'=«  X  i.^.-Y=  ^  .  iQ  V  =  i.E   .     .     .     (ii.) 

This  result  may  be  better  understood  if  we  give  an  analogy. 

Analogy, — If  instead  of  one  tower  100  feet  in  height  we  build  10 
towers  each  having  j^^th  of  the  height,  and  Y^^th  of  the  number  of  bricks 
of  the  large  one,  a  little  thought  will  show  us  that  the  total  work  done 
in  the  second  case  will  be  j^th  of  that  done  in  the  first  case  ;  for  in  the 
second  case  the  same  total  weight  of  bricks  will  have  been  raised 
through  jyth  of  the  former  average  height. 
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§  31.  Electroscopes  and  Electrometers.— In  general  these  in- 
struments give  their  indications  by  movements.  These  move- 
ments are  due  to  the  action  of  a  field  of  force  on  electrical  quantity, 
the  extent  of  the  movement  being  such  that  equilibrium  is  finally 
arrived  at  between  electrical  forces  on  the  one  hand  and  gravita- 
tion-, magnetic-,  or  torsional-forces  on  the  other  hand. 

We  can  have  movements  when  there  is  only  one  charged  body, 
e.g,  when  this  body  is  situated  nearer  to  one  wall  of  a  room  than 
to  the  other.  Here  there  is  a  field  of  force  between  the  body  and 
the  walls,  and  this  field  is  strongest  in  one  direction.  Now,  be- 
sides the  effect  of  a  field  on  a  charged  body  situated  in  it,  we 
know  that  the  two  sides  of  a  field  tend  to  close  in  ;  or  we  may 
say  '  the  lines  of  force  tend  to  shorten.'  Hence  the  charged  body 
i^ill  move  so  as  to  close  up  the  strongest  portion  of  the  field  due 
oit 

{a)  In  a  gold  leaf  electroscope  each  leaf  is  screened  from 
ne  wall  by  the  other  leaf.  Hence,  there  is  no  wavering  between 
^o  walls  about  equally  distant,  but  each  leaf  moves  off  towards 
le  wall  from  which  it  is  not  screened. 

This  view,  or  one  like  it,  is  more  in  accordance  with  present 
ieas  than  is  the  view  of  *  repulsion  between  the  two  leaves.'  r 

(b)  Bohnenberget' s  electroscope. — Here  a  single  charged  leaf 
troves  along  the  field  of  force  that  lies  between  two  brass  knobs  % 
hese  brass  knobs  being  maintained  at  different  potentials  by 
)eing  connected  with  the  two  poles  respectively  of  a  dry  pile. 

In  both  cases  here  given  we  indicate  differences  of  potential  by 
the  extent  of  the  movement ;  since  in  case  (a)  the  field  is  stronger 
iccording  as  the  leaves  are  at  a  larger  or  smaller  difference  of 
)otential  from  the  zero  potential  of  the  walls,  and  in  case  (b)  the 
novement  of  the  single  leaf  in  the  fixed  field  of  force  depends  on 
he  potential  up  to  which  this  single  leaf  is  charged. 

§  32.  Electrometers.  Tlie*Attracted-Disc'Form.— Inelectro- 
leters  we  aim  at  measuring  differences  of  potential^  or  absolute  poten* 
ials  with  respect  to  the  earth  as  zero. 

Consider  the  plate  condenser  of  §  26,  and  make  the  same 
ssumptions  as  to  uniformity  of  field  and  of  p^as  were  there 
lade. 
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It  can  be  shown  that  the  total  stress  F  between  the  plates  i) 
given  by  the  formula 

S  (V,  -  V,)« 

8V/^ 

This  expression  therefore  gives  in  dynes  the  total  force  wiilfj 
which  one  plate  is  urged  towards  the  other  ;  and,  if  we  measum^ 
F  by  counterbalancing  *  weights,*  each  gramme  weight 
about  981  dynes  force^  we  can  express  (Vj  —  Vj)  in  absolute] 
units. 

But  in  the  above  apparatus  there  is  error  ;  for  the  assumptions 
made  do  not  hold  near  the  edges  of  the  plates,  and  this  error  is 
not  one  to  be  readily  allowed  for. 

Hence,  in  the  actual  attracted-disc electrometer^  Sir  W.  Thomson 
adopted  a  contrivance  called  a  guard- ring.  The  moveable  disc 
was  cut  out  in  the  centre  of  a  larger  disc. 

Then,  since  the  fixed  and  moveable  portions  were  connected 
and  at  one  potential,  and  since  there  was  no  perceptible  break 
between  them,  it  followed  that  with  respect  to  the  moveable  por- 
tion of  the  one  disc,  and  the  central  portion  of  the  other  fixed 
disc  that  was  opposite  and  parallel  to  the  former,  the  assumptions 
as  to  uniformity  did  hold.  In  fact,  only  the  central  portions  of 
the  discs  were  used 

In  the  figure  we  have  the  arrangement  indicated  The  two 
plates  are  h  h  and  g ;  and  the  formula  applies  to  the  moveable 

portion /of  the  one  plate  and 
the  portion  opposite  to  this 
of  the  other  fixed  plate.  The 
moveable  portion  /  is  at  the 
end  of  a  light  lever  whose 
fulcrum,  or  axis  of  suspension, 
is  a  wire  mn.  At  the  firee 
end  of  this  lever  is  a  hair  /; 
this  is  viewed  by  a  lens,  and 
serves  to  indicate  when  the 
plate /is  flush  with  the  guard- 
plate  h  h. 
T\it  force  required  to  keep/in  its  place  gives  us  F.  Whence, 
by  knowing  the  dimensions,  &c.,  of  the  instrument,  we  measure 
(V,  -  V,). 
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'T    §  33*  Sir  William  Thomioii*!  Quadrant  Sleotrometer.-^The 

nciple  of  the  quadrant  electrometer  can  be  illustrated  by  the 

hnenberger's  electroscope. 

If  the  gold-leaf  were  kept  at  a  constant  high  potential,  while 

difference  of  potential  between  the  two  knobs  was  the  variable 

ntity,  then  the  amount  of  deflexion  of  the  gold-leaf  would  in- 

te  the  difference  of  potential  between  the  two  knobs. 

The  next  figure  gives  a  sketch,  taken  looking  down  directly 

m  above,  of  the  essential  parts  of  the  quadrant  electrometer. 

Let  us  take  a  cylmdrical  box  of  thin  brass  about  one  inch  high 
about  five  inches  iq  diameter.  Let  us  cut  this  into  four 
Electors  as  indicated  in  the  figure, 
^Bknd  let  us  connect  opposite  sec- 
tors respectively  by  wire,  and  sup- 
port all  four  sectors  on  insulating 
C[lass  legs. 

We  thus  have  four  hollow 
brass  sectors ;  in  the  interior  of 
each  of  which,  as  an  approxi- 
mately 'closed  vessel,*  there  is, 
excepting  near  the  edges,  a  con- 
stant potential.  The  opposite 
^irs  of  these  are  connected. 

By  u  is  represented  a  light  aluminium  needle  suspended  by 
two.  parallel  silk  fibres — this  being  called  bifilar  suspension. 

Hence  there  will  be  called  into  play,  when  the  needle  is 
deflected  from  its  position  of  rest,  a  couple  tending  to  restore  it. 
The  value  of  this  couple  for  any  given  angle  of  deflexion  can  be 
calculated  This  needle  swings  horizontally  in  the  interior  of  the 
sectors  ;  and  matters  must  be  so  arranged  that  it  may  come  to 
rest  exactly  along  the  line  of  one  of  the  slits.  The  diagram  repre- 
sents the  needlej^hus  at  rjkt,  unacted  upon  by  any  electrical 
forces.  tP 

This  needle  is  maintained  at  some  constant  potential  V,  by 
being  connected  with  the  inside  coating  of  a  charged  Leyden  jar. 

If  the  one  pair  of  sectors  c  and  ^  be  at  a  potential  V„  and 
the  other  pair  a  and  ^at  some  lower  potential  V^,  there  will  be 
a  field  of  force  running  across  the  gap  or^ij^^rom  cXo  a\  and 
from  symmetry,  an  equal  field  will  run  across  the  gap  from  b  to  d. 


Fig.  i. 
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Moreover,  this  field  will  be  confined  to  a  region  only  sotnei 
wider  than  these  gaps  ;  the  region  in  the  interior  of  each 
will  be  practically  oi  a  uniform  potential,  or  will  not  be  a  field 
force. 

From  the  symmetry  of  the  whole,  the  needle  will  be 
upon  by  a  pure  couple  due  to  the  electrical  field.  And,  frwni 
peculiar  shape,  that  amount  of  the  needle  which  is  in  the  fieWi 
force  (i.e.  the  portion  lying  under  the  slit)  will  remai 
since  only  very  small  deflexions  are  employed.  We  thus  contriT* 
that  there  shall  act  on  the  needle,  for  any  given  values  of  V),  V, 
and  V,  a  constant  electrostatic  couple  whatever  be  its  deflewMJ 
provided  that  this  deflexion  do  not  exceed  a  certain  maximmi 
depending  on  the  construction  of  the  instrument. 

This  constant  couple  will  deflect  the  needle  until  the  restorii^ 
couple,  due  to  the  twisting  of  the  two  parallel  silk  fibres,  is  suffi- 
ciently great  to  give  equihbrium.     If  the  potential  V  of  the  needk 
be  known,  and  if  the  'constants'  of  the  instrument  be  knum, 
then    the    difference    of    potential 
(V,  —  Vj)  can  be  calculated  from 
the  observed  deflexion. 

In  the  next  figure  we  have  i 
sketch  of  the '  Elliott -pattern '  quad- 
rant electrometer ;  a  comparatively 
simple  form  of  instrument.  One 
of  the  quadrants  is  represented  as 
removed,  so  that  the  needle  may  fae 
seen.  This  needle  is  maintained  at 
a  high  potential  in  somewhat  the 
following  manner.  From  it  there 
hangs  a  platinum  wire,  dipping  into 
a  glass  vessel  tl^  contains  strong 
sulphuric  acid,  Witside  this  vessd 
"^  _  is  a  coating  of  tin-foil,  so  that  it  is 

in  fact  a  Leyden  jar.  Its  capacity 
being  very  great  as  compared  with  the  capacity  of  an  isolated 
body,  it  serves  to  maintain  the  potential  of  the  needle  approxi- 
mately constant  for  a  considerable  time. 

From  the  needle  rises  a  light  stem,  bearing  a  small  mirror. 
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The  usual  Mamp  and  scale '  arrangement  gives  us,  in  the  reflected 
tpot  of  light,  a  very  sensitive  means  of  noticing  and  measuring  the 
deflexions  of  the  needle. 

Complete  form  of  the  quadrant  electrometer, — In  the  complete 
form  of  Sir  W.  Thoiiisdn^s  quadrant  electrometer  there  are  many 
jdetails  of  construction  that  we  shall  not  discuss  here.  But  we 
must  mention  two  of  the  most  important  of  these. 

(i.)  The  gauge, — Connected  with  the  inside  of  the  Leyden  jar 
(and  so  with  the  needle)  is  an  attracted-disc  electrometer.  If  the 
weights  or  spring  be  so  arranged  that  the  hair  (j^^  §  32)  is  in  the 
proper  line  of  sight  when  the  jar,  needle,  and  disc/ therewith  con- 
nected, are  at  some  fixed  potential  V,  then  any  alteration  in  this 
potential  will  be  at  once  detected  by  the  movement  of  the  hair. 
This  is  one  detail. 

(ii.)  The  replenisher, — The  other  detail  is  a  replenisher  {see 
Chapter  VII.  §  5),  in  which  one  armature  is  to  earth  while  the 
other  is  connected  with  the  Leyden  jar. 

We  can  thus  remedy  any  error  in  V  by  turning  the  replenisher 
the  one  way  or  the  other,  so  as  to  raise  or  lower  the  potential  of 
the  jar. 

Formula  for  quadrant  electrometer, — It  can  be  shown  that  the 
following  formula  holds  for  the  absolute  quadrant  electrometer. 

L  =  A(V-Y._*y,\  (v,_v,)   .....     („) 

where  L  is  the  electrostatic  couple  acting  on  the  needle,  balanced  by 
and  equal  to  the  mechanical  restoring  couple  ;  V  the  potential  of  the 
needle ;  Vj  and  V,  the  potentials  of  the  two  pairs  of  quadrants  re- 
spectively, and  h  a  constant  depending  on  the  construction  of  the 
instrument. 

If  the  needle  be  charged  to  a  relatively  very  high  potential,  then  we 

may  neglect  -^-i. — *  j^  comparison  with  V  ;  and  we  have 

L  =  A  .  V  .  (V,  -  V,) ifi) 

This  relation  may  be  written  as  follows. 

V,-V,»^V (y) 

We  see  then  that  we  could  measure  the  difference  of  potential 
(Vj  -  V.J  by  observation  of  the  deflexion  ;  provided  that  we  knew 
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the  values  of  /i,  V,  and  L.  In  practice,  however,  these  quantities 
are  not  calculated ;  but  the  instrument  is  graduated  by  means  of  a 
*  standard  voltaic  cell,*  or  by  comparison  with  an  absolute  electrometer 
of  the  more  simple  *  attracted-disc '  form. 

In  instruments  devoid  of  the  ^au^e  and  the  replenisher,  as  well  as 
in  the  above  form,  we  may  write      

Vj  -  V,  =  ^  .  tan  ^ 

so  long  as  the  potential  V  of  the  needle  remains  constant.  And,  for 
small  deflexions,  we  have 

V,  -  V,  «  ^.^ [nearfy]. 

Here  B  is  the  deflexion  ;  and  the  constant  d  may  be  determined  on 
each  occasion  of  use  by  means  ot  a  *  standard  voltaic  cell.' 

§  34.  Uses  of  the  Quadrant  Electrometer. 

(i.)  General  use, — The  quadrant  electrometer  is  mainly  an 
instrument  for  the  measurement,  or  comparison,  of  potentials  and 
potential-difTerences.  We  have  indicated  in  the  above  how  it  is 
possible  to  use  simpler  forms  also,  as  well  as  the  *  standard '  pat- 
terns of  the  instrument,  for  such  purposes  of  measurement. 

It  may  be  added  that  usually  one  pair  of  quadrants  is  put  to 
earth,  so  as  to  be  at  zero  potential ;  the  potential  of  the  other  pair 
of  quadrants  being  then  measured  with  respect  to  the  earth 
as  zero. 

(ii.)  Use  as  an  electroscope. — The  instrument  can  also  be  used 
for  all  purposes  in  which  we  desire  merely  a  delicate  electro^r/?/^, 
and  not  an  electrow<?/^r.  For  such  purposes  any  delicate  form 
will  serve,  even  though  it  be  so  faulty  in  construction  that  the  law 
of  its  action  {see  §  33,  end)  is  unknown.  An  important  example 
of  such  a  use  will  be  given  in  Chapter  XIV.  §  10. 

(iii.)  Use  in  investigating  the  distribution  on  a  conductor  (see 
Chapter  IV.  §  16). — In  the  investigation  of  distribution  upon  con- 
ductors, of  which  we  said  something  in  Chapter  IV.  §  16,  &:c.,  it 
would  at  first  sight  appear  impossible  to  use  the  electrometer. 
For,  it  would  be  argued,  where  we  are  dealing  with  a  conductor 
whose  potential  is  constant  in  every  part,  ho\V  can  we  employ  an 
instrument  that  indicates  only  potential-differences? 

A  few  words  of  explanation  will  enable  the  student  to  perceive 
how  the  instrument  may  be  used  in  such  investigation. 


■•X.  ELECTROSTATIC   POTENTIAL  1 59 

When  we  lay  the  proof-plane  against  any  part  of  the  conductor 
"liose  potential  is  V,  it  will  also  be  at  the  potential  V ;  but  the 
iiarge  that  it  acquires  will  depend  upon  the  density  p  that  exists 
t  the  part  touched.  The  fact  is  that  the  capacity  of  the  proof- 
»lane  changes  as  we  change  its  position  on  the  conductor; 
tid  so,  though  its  charge  is  proportional  to  p,  its  potential  is 
Jways  V. 

But  when  we  remove  the  proof-plane  and  place  it  in  an  isolated 
>osition,  its  capacity  assumes  some  constant  value  ;  and  its  poten- 
ial  will  therefore  be  proportional  to  its  charge,  and  so  will  be  pro- 
;x)rtional  to  f>. 

When  the  proof-plane  is  connected  with  the  one  pair  of  quad- 
rants of  the  electrometer,  the  combined  conductors  will  have  a 
potential  that  is  directly  proportional  to  the  charge,  and  inversely 
proportional  to  their  combined  capacity.  Since  the  latter  remains 
constant,  it  follows  that  the  quadrants  will  assume  a  potential  that 
is  directly  proportional  to  p. 

§  35.  Examples  in  Exiergy  of  Biieharg^,  fto. — (a)  In  all  cases  where 
it  is  required  to  find  the  energy  of  discharge  between  two  electrical 
systems  A  and  B,  the  following  method  will  be  found  to  be  a  good  one. 
First,  find  the  energies  of  discharge  of  A  to  earth,  and  of  B  to  earth, 
separately;  and  add  these  quantities  Secondly,  find  what  will  be 
the  energy  of  discharge  to  earth  of  the  combined  system  A  and  B 
after  these  have  been  connected.  It  will  then  follow,  by  conservation 
3f  energy,  that  the  difference  between  these  two  results  will  give  the 
required  energy  of  discharge  between  the  two  systems  when  they  are 
:onnected  with  one  another.     Let  us  take  an  example. 

*  There  are  3  Leyden  jars  A,  B,  and  C,  equal  in  capacity,  having  their 
3uter  coatings  connected  with  earth.  A  is  first  charged.  Its  knob  is 
then  connected  with  the  knob  of  B.  It  is  then  disconnected  from  B, 
md  connected  with  C.  Finally,  the  knob  of  B  is  connected  with 
the  knobs  of  A  and  C.  Find  the  energies  of  the  several  dis- 
charges.' 

(i.)  The  initial  discharge  of  A  to  earth  would  give  energy  to  the 

amount  of  '  Q  V ;  and  the  final  discharge  of  A  and  B  together  to 

*arth  would  give  energy  measured  by  -  Q .  —  ,  or  -  Q  V.  Since  energy 

224 

:annot  have  been  lost,  it  follows  thait  the  difference  between  these 
:wo  quantities  must  measure  the  energy  w^  of  discharge  between  A 
and  B  when  these  two  were  connected.     Hence 
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«'.  -'  QV-iQV=  \QV. 

2  4  4 

(ii.)  The  discharge  of  A  to  earth  would  now  give  -  .  ^  .      ,  or 

«0  4V  ^ 

^  Q  V.    And  the  subsequent  discharge  of  A  and  C  together  to  earth 

o 

would  give -. -?r  ,—,  or    -    QV.     Hence,  energy  w.^  of    discharge 
between  A  and  C  is  given  by  the  difference,  or 

(iii.)  The  discharge  of  B  to  earth,  and  of  A  and  C  to  earth,  would 
give  together  (i  .  2- .  X  +  ^-  .  Q  .  Y  J  ^  3  q  y.     And  the  discharge 

of  all  three  together  to  earth  would  give  ~  .  Q  .  -,or  -  Q  V.    Hence 

2  30 

the  energy  w^  of  discharge  when  B  is  connected  with  A  and  C  is  given 

by  the  difference,  or 

It  is  to  be  noticed  that  all  the  discharges  added  together  give  the 
energy  -  Q  V,  which  was  that  of  the  original  discharge  of  A  to  earth. 

If  this  result  had  not  followed  there  must  have  been  some  error  in  the 
above  work ;  since  *  Conservation  of  energy  *  demands  that  no  energy 
be  lost. 

(i3)  *  A  sphere  A  of  9  cms.  diameter  is  connected  by  a  thin  wire 
{i.e,  one  of  negligible  capacity)  with  another  sphere  B  of  the  same 
diameter.  Round  this  latter,  and  concentric  with  it  so  as  to  form  a- 
spherical  condenser,  is  a  larger  sphere  of  10  cms,  internal  diameter* 
connected  with  earth.  A  charge  of  ^^  units  is  given  to  A.  Find  (i.) 
in  what  proportion  this  charge  is  distributed  between  the  two  systems  f 
and  (ii.)  the  energy  of  discharge  of  the  two  systems  separately.' 

/  Let  Va  be  the  potential  of  A,  and  therefore  also  of  B. 
j    „   Ca  be  the  capacity  of  A,  and  Cb  that  of  B. 

„   Qa  be  the  charge  on  A,  and  Qb  that  on  B. 

„  Wa  be  the  energy  of  discharge  of  A,  and  «/b  that  of  B. 

(i.)  Then  Ca  *=  radius  =  ".     And,  by  the  formula  of  a  spherical 

condenser,  Cb  -  i  -^  (    ,  -- )  =  45- 

\4^     5/ 
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j  Kence  Qa  «  ^^^— of  33  =    ^  of  33  «  3  units, 
i  9  99 

I  2      ^^ 

\      and  Qb  =*  the  remainder  «  30  units. 

(ii.)  Again  Va=Vb  =  ^-^^.^3^2 

^A     Cb     3 

( Hence  Wa  =  i  Qa  Va  -  U  3  x  '  =  i, 

2  i  3 

^B  -  ^Qb  Vb  -  ^  X  30  X   5.-  10. 
2  23 

§  36.  General  Consideration  of  Electrostatic  Fields  of  Force. 
It  is  probable  that  among  all  the  important  conceptions  that  are 
due  in  the  first  place  to  the  genius  and  insight  of  Faraday,  none 
has  done  more  to  place  the  physical  theory  of  electrical  and  of 
magnetic  phenomena  upon  a  sound  basis  than  his  recognition  of 
the  part  played  by  the  medium  across  which  the  forces  act.  The 
former  view  of  *  action  at  a  distance,'  and  the  purely  geometric 
conception  of  lines  of  force,  were  essentially  mathematical  ideas  ; 
to  the  physicist  they  were  both  unreal  and  unsuggestive. 

Taking  our  present  case  of  electrostatic  fields,  we  may  explain 
the  modern  view,  based  upon  Faraday's  conception,  somewhat  as 
follows. 

There  is  no  such  thing  as  *  a  +  charge '  or  *  a  —  charge '  by 
itself;  but  on  the  contrary,  wherever  electrostatic  phenomena 
occur  there  is  an  electrostatic  field,  on  the  two  sides  of  which 
occur  equal  +  and  —  charges  respectively.  The  whole  system 
consists  of  these  equal  and  opposite  charges  separated  by  a  dielec- 
tric which  is  the  seat  of  the  field  of  force.  The  lines  of  force  have 
a  real  physical  meaning.  Whether  they  are  lines  along  which  the 
dielectric  undergoes  a  kind  of  tension,  or  whether  they  are  lines 
along  which  the  molecules  of  the  dielectrics  are  *  polarised '  by 
a  separation  of  +  and  —  charges  in  them,  is  not  yet  known. 
But  it  seems  certain  that  the  electrostatic  potential  energy,  implied 
by  the  existence  of  an  electrostatic  field,  resides  in  the  dielectric 
that  separates  the  two  sides  of  the  field  ;  somewhat  as  mechanical 
potential  energy  resides  in  a  bent  spring,  a  stretched  piece  of 
elastic,  or  a  strained  elastic  solid. 

Thus,  when  we  speak  of  '  an  isolated  body  charged  wi;h  -^  Q^ 
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units  to  a  potential  V,  whose  energy  of  discharge  is  measured  by] 
i  Q  V,'  we  really  mean  that  there  is  on  the  body  a  charge  +  Q,oa] 
the  walls  or  other  surrounding  surfaces  an  equal  and  opposite^ 
charge  —  Q,  and  that  in  the  strained  dielectric  resides  energy  to' 
the  amount  of  i  Q  V. 

Dielectrics  are  bodies  in  which  this  electrostatic  strain  can  be  I 
maintained  ;  while  conductors  are  those  in  which  no  such  strain 
can  be  kept  up,  and  in  which  therefore  lines  of  force  and  fields  of 
force  cannot  exist.  In  reality,  bodies  are  not  capable  of  sharp 
division  into  these  two  classes,  since  the  yielding  to  electrostatic 
stress  is  only  a  matter  of  time.  But  in  general  we  make  use  of 
bodies  at  the  two  extremes  of  the  series  ;  so  that  the  foregoing 
definitions  will  serve  very  well  for  usual  cases. 

It  is  part  of  the  above  view  to  say  that  tubes  of  force  are 
always  terminated  against  surfaces  so  charged  that  at  the  two  ends 
of  each  tube  there  are  equal  and  opposite  charges  +  q  and  -  q 
respectively  (see  §  17). 

It  is  also  part  of  it  to  say  that  conductors  act  as  screens ;  for 
lines  of  force  cannot  penetrate  a  conductor,  and  hence  if  an  elec- 
trostatic field  exist  on  each  side  of  the  screen,  these  two  fields  are 
independent  of  one  another. 

If  lines  of  force  were  material,  the  phenomena  of  the  electro- 
static field  would  suggest  that  they  act  as  stretched  elastic  threads, 
which  moreover  repel  one  another.  Thus  the  two  sides  of  a  field 
are  urged  towards  one  another  as  if  by  tension  of  the  lines  of 
force  connecting  them. 
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CHAPTER   XL 

THE    PHENOMENA   OF    ELECTRIC   CURRENTS.       BATTERY  CELLS 

AND    BATTERIES. 

§  I.  Introductory.  —  In  Chapters  IV. -X.  we  have  dealt 
mainly  with  the  phenomena  connected  with  the  actions  between 
charged  conductors,  and  with  the  strains  of  the  intervenih 
medium.  We  have,  in  fact,  considered  mainly  electrostatic  fields 
of  force ^  or  fields  in  which  our  test-charge  of  electricity  is  urged 
along  lines  of  force. 

We  did,  indeed,  examine  to  some  extent  the  results  of  dis- 
charge ;  but  in  general  the  readjustment  of  electrical  equilibrium 
was  so  rapid  that  it  was  not  easy  to  investigate  the  phenomena 
accompanying  discharge.  With  such  machmes  as  the  Holtz  we 
might,  however,  have  done  so  \  but  not  so  conveniently  as  with 
the  help  of  other  apparatus  to  be  described  in  the  present 
chapter. 

We  shall  find  that,  during  discharge,  new  classes  of  phenomena 
arise.  In  particular  there  are  observ^ed  chemical,  and  heat, 
phenomena;  and  a  new  field  of  force,  viz.  a  magnetic  field  (or 
a  field  in  which  a  magnetic  pole  is  urged),  springs  into  existence. 
In  our  next  division  of  the  subject  we  enter  into  the  consider- 
ation of  the  phenomena  accompanying  electric  discharge.  As  a 
rule  we  shall  have  very  small  AV.j  as  compared  with  those 
hitherto  employed,  but  very  large  quantities  of  electricity,  and 
an  even  and  continuous  flow.  Where  this  is  not  the  case,  atten- 
tion will  be  drawn  to  the  fact. 

The  above  remarks  will  indicate  that  the  popular  terms 
*  statical  electricity  *  and  *  current  electricity '  must  not  be  under- 
stood in  their  literal  sense  of  two  kinds  of  electricity ;  but  must 
be  considered  to  refer  to  two  classes  of  phenomena  that  require 
different  conditions  of  A  V  and  of  quantity  for  their  investigation! . 
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§  2.  Oftlvani'i  Experiment.^ As  stated  in  the  preface,  « 
shall  not  enter  into  any  historical  account  of  this  or  of  any  portio 
of  our  subject.  But  we  must  meniion  that  experiment  of  Galvani 
which,  perhaps  more  than  any  other,  started  VoUa  on  h; 
fruitful  line  of  inquiry. 

In  the  fixture,  Z  C  is  a  compound  bar  of  zinc  and  copper,  i 
indicated  by  the  two  letters  employed.  The  zinc  end  is  put  in 
contact  with  the  lumbar  nerves  of  a  frog's  hinder  quarters.  Ii  is 
found  that  whenever  the  copper  end  touches  the  muscles  of  the 
legs  there  is  a  sudden  convulsion  of  the  hmb.     This  ex|)ertiiii;n£ 


was  first  performed  in  1786.  Galvani  considered  that  the  metals 
acted  merely  as  conductors  to  complete  the  circuit  of  'animal 
electricity,'  and  followed  out  this  idea  in  further  investigations. 
As  we  do  not  intend  to  discuss  in  the  present  Course  the  relations 
of  electricity  to  physiology,  we  shall  not  say  more  as  to  Galvani's 
views. 

Volta,  on  the  other  hand,  fixed  his  attention  on  the  metals, 
and  considered  that  they  by  their  contact  caused  the  current 
which  the  nerves  and  muscles  of  the  frog's  leg  conducted,  Ue 
shall  have  more  to  say  as  to  his  views,  and  as  to  modern  modifica- 
tions of  them.     For  the  piesent  we  will  merely  follow  his  e.\i>ert- 
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mts  and  the  explanations  that  he  gave ;  using,  however,  some 

IS,  such  as  *  potentiaV  which  he  did  not  use. 

§  3.  Volta's  Experiments  and  Views. — For  clearness  we  will 
it  sfafe  Volta's  views,  and  will  then  give  some  of  the  experiments 

which  he  supported  them.  The  student  can  see  how  far 
ich  statement  is  supported  or  unsupported  by  the  experiments 
ren. 

Voltd's  vie7vs. — (i)  When  two  heterogeneous  substances  are 
j-in  contact  they  are  found  to  be  at  different  potentials. 

(2)  As  a  rule  any  A  V .  j  between  liquid  and  liquid,  or  metal 
and  liquid,  are  negligible  as  compared  with  the  A  V .  j  between 
nietals  and  metals. 

(3)  Metals  can  be  arranged  in  a  certain  series  (such  as  zinc^ 
fin,  lead,  iron,  copper,  silver,  platinum,  graphite),  with  respect  to 
which  the  following  facts  hold  :  that  any  metal  in  contact  with 
another  occurring  later  in  the  list  will  have  a  higher  potential  than 
this  latter  ;  and  that  in  a  series  of  several  metals  in  contact  the  A  V 
between  the  first  and  last  is  the  same  as  it  would  be  were  these 
metals  directly  in  contact.  Thus,  if  we  make  the  potential  of 
graphite  zero,  and  find  the  potentials  of  all  the  other  metals  with 
respect  to  this  body  when  in  contact  with  it,  then  we  can  calculate 
the  A  V  between  any  pair  in  contact  by  simple  subtraction  of  their 
potentials  with  respect  to  graphite. 

(4)  This  law,  however,  does  not  hold  good  with  respect  to  a 
series  in  contact  when  composed  partly  of  metals  and  partly  of 
liquids. 

'  Thus,  whereas  in  the  series  copper\zim^old\copper  there  is  no 
A  V  between  the  terminal  metals,  because  it  is  the  same  as  if 
the  initial  and  final  metals  (viz.  copper\Copper)  were  directly  in 
contact,  yet  in  the  series  €oppef\zinc\dilute  acid\copper  there  may 
be,  and  as  a  matter  of  fact  there  is,  a  A  V  between  the  terminal 
metals. 

Experiments  illustraiing  Volta^s  views. — In  these  experiments  Volta  em- 
ployed the  condensing  gold-leaf  electroscope,  whose  principle  is  explained  iu 
Chapter  VI.  §  14. 

But  far  more  satisfactory  results  can  be  obtained  by  use  of  any  form  of 
cjuadrant  electrometer  (say  the  *  Elliott '  form  of  Chapter  X.  §  33),  in  which 
one  pair  of  quadrants  are  to  earth  ;  such  an  instrument  indicates  quantitative 
results  with  an  accuracy  sufficient  for  lecture  experiments. 

(i.)  The  figure  represents  a  simple  experiment  performed  with  the  con- 
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densing  gold-leaf  electroscope  and  a  compound  bai  composed  of  i  piece  of  lui 
nnd  3  piece  of  copper  soldered  end  to  end. 

We  may  use  the  quadrant  elecdomeler,  putting  one  pair  of  qusdnnli  H 
rarth,  and  connecting  the  other  pair  with  an  insulated  terminal. 

If  the  zinc  be  held  in  the  hand,  while  we  touch  the  lower  coodenar^  fUt 
of  llie  gold-leaf  electroscope  (or  terminal  of  the  electrometer)  with  the  coffOi 
il  will  be  found  that  the  condensing  plate  (or  insulated  pair  of  quae 
now  at  a  —  potential. 

(For  use  of  electroscope  and  electrometer  ,t«  Chapter  X.) 


In  this  experiment  iV  iV  assunieil  as  sufficiently  proved  by  vaiious  con- 
vergent pieces  of  evidence  that  the  zinc,  held  in  the  moistened  band,  t 
practically  at  the  zero-V  of  the  earth  ;  and  that  the  contact  of  the  copper  will 
the  brass  of  the  electroscope  gives  no  A  V. 

Hence,  il  is  argued,  the  electroscope  or  electrometer  indicates  the  A  V  du< 
In  the  contact  of  the  zinc  and  copper  alone,  and  shows  that  zinc  i&  -f  l< 
copper. 

(ii.)  An  electroscope  is  provided  with  an  upper  condensing  plate  made  < 
rinc.  This  is,  as  usual,  provided  do  its  under  i^iiiface  with  an  insulating  lay' 
of  tac  varnish.  Both  plates  are  as  usual  carefully  discharged  by  means  of 
Bunsen's  flame,  until  no  movement  of  the  leaves  is  observed  on  nusing  < 
tuweting  the  upper  plate. 
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Then  a  copper  wire  is  made  to  connect  the  upper  (uavaimsheJ)  surface  of 
the  line  plate  with  the  under  surface  of  the  copper  plale. 


i  V  in  which  the 
«  Chapter  X.)  magnified, 


II  is  found  that  the  line  and  copper  hav 
line  is  +  to  the  copper.     This  A  V  is  of 
ltd  so  rendered  evident,  when  Ihe  wire  is 
niDoved  and  the  upper  condensing  pEate  is 
lifled  away.     Here  there  is  no  iioubtful  con- 
tacl  of  metal  and  wet  hand. 

(iii.)  If  in  experiment  (i.)  we  hold  the 
copper  end  of  the  compound  bar,  and  (ouch 
'lie  plate  of  the  gold-leaf  electroscope  with 
'he  zinc,  we  get  no  tesull.  This  supper's 
Volta's  conclusion  (3). 

So  if  we  make  a  bar  of  iiwf  |  go/ii  \  iron  \ 
'K^fier,  and  use  it  as  in  (i.),  we  gel  the  same 
'Kultasin  (i.). 

(iv.)  If  we  hold  (he  copper  end  of  the  bar 
"id  insert  a  piece  of  wel  paper  between  the 
liric  and  the  gold-leaf  electroscope,  we  shall 
^ntl  that,  on  removing  the  bar  and  raising 
•lie   upper  condensing  plale,  the  lower  plale 

Volta's  view  would  be  that  the  copper  held  in  Ihe  moistened  hand  is 
practically  at  lero-V  ;  the  zinc  al  a  +  V  ;  the  wet  pa()ei  at  practically  ihe 
'ia.ine  V  as  the  line  ;  and  the  brass  of  the  electroscope  at  practically  the  same 

V  as  Ihe  paper,  and  therefore  al  the  +  V  of  j.,,e 

the  line. 

The  reader  should  examine  these 
experimental  results  in  connection 
with  the  statements  made  above  as  Co 
Volta's  views. 

§  4.  Volta'i  Pile,  from  Volta'i 
pointof  view.— By  the  application  of 
the  method  of  experiment  (iv.)  above, 
it  is  easy  to  obtain  A  V .  j  high  enough 
to  give  shocks  and  to  produce  smail 
sparks. 

We  lay  down  a  copper  disc  and 
put  it  to  earth.  On  this  we  lay  a  zinc 
disc,    which    will  be  at   some    higher  '^~ 

potential  that  we  will  call  r.    On  this  Ve  place  a  somewhat  larger 
disc  of  flannel,  moistened  with  salt  and  water  ;  ihis  will  also  be 
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practically  at  7'.     On  this  another  copper  disc,  which  will  be  also] 
at  7\ 

Then  a  zinc  disc  on  this  will  be  at  2v ;  and  so  on. 

We  may  conveniently  solder  together  each  pair  of  copper  ar 
zinc  discs.     If  there  be  n  such  pairs  of  plates,  then  we  have 
bottom  copper  at  zero-V,  and  the  top  zinc  at  «  x  z^.    If  we  soldtfl 
a  copper  terminal  to  this  top  zinc,  it  is  to  be  noticed  that  thiswirf| 

will  be  at  «  -  I .  t\  or  at  the  same  potential  as  the  «***  copper. 

This  arrangement  is  called  *  Volta's  pile.' 

About  fifteen  or  twenty  such  pairs  will,  when  newly  set  up, 
give  a  perceptible  shock.  After  a  time  the  surfaces  of  the  metals 
are  altered  from  slow  chemical  action,  and  the  pile  must  be  taken 
down  and  cleaned  in  order  to  give  the  initial  results. 

Volta's  view  was  that  the  action  is  due  to  the  series  of  con- 
tacts ;  but  that  when,  owing  to  oxidisation  of  the  surfaces,  the  sub- 
stances in  contact  are  altered,  we  do  not  have,  nor  can  we  expect, 
the  same  results  as  initially. 

Experiments,  -  {^\.)  We  put  the  bottom  copper,  and  one  pair  of  quadrants 
of  the  electrometer,  to  earth.  Then  with  an  insulated  platinum  wire  connected 
with  the  other  pair  of  quadrants  we  touch  the  2nd,  3rd,  4th,  &c.,  copper 
plates  in  succession,  putting  the  platinum  wire  to  earth  between  each  observa- 
tion. 

The  deflexion  of  the  needle  will  indicate  the  rise  in  potential  up  the  pile. 

(ii. )  We  can  make  a  similar  observation  on  the  momentary  currents  sent 
through  a  delicate  galvanometer  of  high  resistance.  But  this  assumes  some 
previous  knowledge  of  the  galvanometer. 

Other fo?'ins  of  Volta^s  pile.  —There  are  other  forms  of  Volta's 
pile  used ;  of  these  we  will  mention  one,  viz.  Zambom^s, 

As  a  rule  the  drier  the  pile,  the  more  lasting  is  its  activity,  but 
the  more  easily  is  it  exhausted  for  the  time. 

In  Zamboni's  pile  the  arrangement  answers  to  fixing  together 
a  zinc,  wet  paper,  and  copper  disc,  as  one  element  For  each 
element  of  his  pile  consists  of  a  disc  of  paper  that  is  *  silvered 'on 
one  side  {i.e.  coated  with  tin  or  lead),  and  on  the  other  side  coated 
with  manganese  dioxide.  Such  a  pile  gives  a  very  high  .1 V  for 
very  little  space  occupied.  It  can  be  advantageously  employed 
to  give  the  requisite  A  V  in  the  Bohnenberger's  electroscope, 
where  there  is  no  completion  of  the  circuit  and  therefore  no  running 
down  of  the  pile. 
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The  Gymnotus. — In  certain  animals,  notably  in  the  Gymnotus 
'  electric  eel,'  there  have  been  found  organs  that  appear  to  be 
liogous  to  a  voltaic  pile.  Severe  shocks  can  be  received,  cur- 
Its  obtained,  and  other  electric  phenomena  manifested.  These 
nifestations  seem  to  depend  partly  upon  the  actual  condition 
the  organ,  partly  upon  the  general  health  and  vigour  of  the 
imal,  and  partly  upon  its  volition. 

The  study  of  the  relation  of  these  electrical  phenomena  to 
lat  we  may  call  '  vital '  phenomena  is  exceedingly  interesting  ; 
t  we  do  not  intend  to  include  in  the  present  Course  anything 
It  belongs  of  right  to  the  domain  of  physiology. 

§  5.  Tolta'a  Cell,  and  the  Couroime  des  Tassei,  from  Toita'a 
int  of  view, — In  order  to  obviate  the  '  running  down '  of  the 
wer  of  his  pile,  resulting  from  the  alteration  of  the  surfaces  of 
e  metals,  Volta  substituted  dilute  acid  for  wet  paper. 

His  '  pile '  then  took  the  form  of  a  number  of  cells  or  elements 
ined  end;On,  forming  what  was  called  the  Couroniu  des  tassts. 
e  here  give  a  sketch  in  section  of  this  arrangement. 

The  zincs  and  coppers  are  plates  connected  by  copper  wires ; 
ey  are  immersed  in  vessels  of  dilute  sulphuric  acid.  In  the 
;ure  we  have  supposed  the  copper  wire  that  is  soldered  to  the 
ic  plate  to  be  to  earth  and  so  at  zero-V. 


The  rise  of  V  through  the  arrangement  is  indicated.  The 
ider  will  see  that,  according  to  this  view,  the  iV  of  a  single  ele- 
:nt  is  practically  the  same  as  that  due  to  the  first  copper  \  zitic 
iction.  When  the  terminals  are  connected  a  current  flows,  and 
•.rgy  is  given  out  in  the  circuit. 

When  pure  water  is  used  in  the  vessels  we  find  the  A  V  between 
;  terminals  to  be  approximately  the  same  as  if  dilute  acid  had  been 
:d.  But  if  we  complete  the  circuit  for  a  few  moments,  and  again 
;ak  it,  we  find  that  this  A  V  has  almost  or  quite  disappeared.    The 


I70  ELECTRICITY  <% 

battery  has  *  run  down,'  as  did  the  pile.     Examination  will  then 
that  the  surface  of  the  zinc  has  been  oxidised,  while  thecopperi 
covered  with  a  film  of  hydrogen. 

From  Voltcis  point  of  view  we  should  say  that  we  now  have  a  i 
series  of  bodies  in  contact  ;  viz.  copper  \  zinc  \  zindc  oxide  \  wqUx\ 
hydrogen  \  copper.     The  cell  is  now  very  different  from  its  orij 
condition  ;  we  could  not  predict  whether  there  would  be  a  A  Vbetwe 
the  terminals,  and  in  fact  we  find  that  there  is  none.   This  view  of  I 
matter  is  doubtless  unsatisfactory  ;  but  it  is  of  interest  to  notice  thati 
least  the  *  running  down  of  the  battery'  does  not  confute  Volta'sine«| 

But  if  we  use  dilute  acid,  the  surfaces  are  continually  renewed  bfj 
chemical  action  \  this  action  taking  place  far  more  freely  in  the  present  j 
case  than  in  the  case  of  the  pile. 

§  6.  The  *  Contact  *  and  *  Chemical '  Theories.— Volta  fixedhii! 
attention  mainly  on  the  A  V  that,  as  it  seemed,  accompanied  the 
contact  of  the  dissimilar  metals  zinc  and  copper.  His  followers 
exaggerated  a  certain  one-sidedness  that  existed  in  his  views ;  and 
the  Contact  school^  as  they  were  called,  considered  that  the 
chemical  solution  of  the  zinc  played  a  subordinate  part  in  the 
action  of  the  cell,  serving  mainly  to  keep  the  surfaces  clean  and 
so  to  keep  the  same  series  of  bodies  in  contact.  In  fact  the  word 
contact  was  the  key-note  to  their  theory  of  the  Voltaic  cell 
They  considered  the  A  V  between  the  terminals  of  the  'open' 
cell  {i.e.  of  a  cell  in  which  the  terminals  were  insulated)  as  the 
algebraic  sum  of  the  different  A  V .  x  due  to  the  different  contacts; 
of  which,  in  the  ordinary  Volta's  cell,  the  only  one  of  importance 
was  thai  where  the  copper  wire  was  soldered  to  the  zinc 

The  *  Chemical  school '  of  physicists  considered  the  cell  when 
the  circuit  was  closed  and  a  current  was  running.  They  pointed 
out  how  the  strength  of  the  current  that  flowed  was  proportional 
to  the  vigour  with  which  the  chemical  action  proceeded  ;  and  how 
the  power  of  the  cell  depended  on  having  one  plate  as  much 
acted  upon,  and  the  other  plate  as  little  acted  upon,  as  possible. 

Faraday  w^as  the  great  exponent  of  this  view.  In  modem 
phraseology,  the  *  Chemical  school '  insisted  on  the  chemical  action 
as  the  source  of  the  energy  of  the  cell. 

They,  in  their  turn,  were  for  the  most  part  too  one-sided ;  and 
many  denied  that  dissimilar  metals  in  contact  did  exhibit  a  dif- 
ference of  potential  at  all  without  chemical  action. 

In  the  next  section  we  shall  attempt  to  show  the  position  of 
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►dern  theory  and  of  modern  knowledge  in  this  matter ;  and 
Jl  conclude  by  giving  a  view  of  the  Volta's  cell,  taken  as  a 
ole,  which  can  hardly  involve  any  serious  error. 

But  w^e  should  add  that  the  whole  question  is  still  to  a  con- 
erable  extent  unsettled. 

§  7.  Theory  of  the  Simple  Volta*8  Cell. — As  is  usual  in  such 
ies  there  is  truth  in  both  the  above  extreme  views  ;  though  the 
or  of  the  extreme  followers  of  the  Volta  school  was  perhaps  the 
iater,  inasmuch  as  they  neglected  the  source  of  energy  in  the 
rrent. 

There  seems  no  doubt  but  that  a  difference  of  potential  does 
general  accompany  the  contact  of  dissimilar  bodies  ;  though  it 
quite  beyond  our  present  knowledge  to  say  that  the  contact 
dses  the  difference  of  potential. 

But  the  phenomenon  is  not  an  easy  one  to  observe  ;  nor  is 
i  amount  of  A  V  as  easy  to  measure  as  would  at  first  api)ear. 

When  zinc  and  copper  are  in  contact  with  each  other,  they  are 
10  in  general  in  contact  with  the  air  or  other  medium  surround- 
l  them.  It  has  been  asserted  that  while  the  zinc  and  copper 
I  nearly  at  the  same  V,  the  layers  of  (badly  conducting)  air  or 
ler  gas  in  contact  with  the  two  metals  respectively  will  be  found 
be  at  a  considerable  A  V  from  each  other  ;  and  that  this  A  V 
jrs  both  in  magnitude  and  in  sign  with  the  nature  of  the  gas. 

It  is  said  that  in  many  electrostatic  methods  we  really  measure 

A  V  of  these  layers  of  gas,  and  not  of  the  metals  themselves. 
at  while  zinc  really  has  under  all  circumstances  at  ordinary 
iperatures  a  very  small  —  V  with  respect  to  copper,  yet  when 

usual  experiments  are  performed  in  air  we  find  zinc  to  be 
)arently  very  strongly  -f  to  copper,  and  when  performed  in  an 
losphere  of  hydrogen  sulphide  we  find  zinc  to  be  apparently 
y  strongly  —  to  copper. 

The  A  V .  J  between  the  metals  and  the  gases  are  considered  to 
jlt  fro  n  surface  chemical  action  ;  and  the  minute  A  V .  j  between 

metals  themselves  to  result  from  some  molecular  action  prob- 
y  unaccompanied  by  any  chemical  change.  These  latter  true 
^  s  between  the  metals  have  been  measured  by  methods  that 
I  be  discussed  in  the  chapter  on  thermo-electricity. 
We  have  given  here  a  view  the  difference  of  which  from  Volta's 
w  shows  how  necessary  it  is  at  present  to  be  very  cautious  in 
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making  any  d<^inatic  assertions  as  to  the  respective  AV.jiti 
different  places  of  contact ;  though  at  the  satne  time  we  see  tl 
even  this  view  allows  the  Voltaists  lo  have  been  right  in  assoii 
that  s^Jn:  i  V  does  accompany  mere  coniact. 

The  Chemical  school,  though  they  did  not  use  modem  expressia     - 
and  had  not  fully  grasped  the  laws  of  energy,  at  least  undersio 
that  we  cannot  get  work  done  without  an  equivalent  disappears     r. 
of  energy.     They  regarded  the  energy  of  the  current,  that  a 
when  the  circuit  is  closed,  as  derived  from  the  chemical  consi 
tion  of  i/w  in  the  cell ;  and  they  saw  that  the  energy  of  tlie  ca 
rent  depended  upon  the  intensity  of  the  chemical  affinitiesul 
on  the  amount  of  the  chemical  action. 

Perhaps  at  present  it  is  safest  to  regard  the  cell  as  a  whAM 
\Vherever  it  be  that  the  i  V .  j  occur,  at  any  rate  we  may  sridfj 
say  that  each  cell  tends  to  keep  its  two  terminals  or  poles  at 
certain  A  V  ;  and,  if  the  circuit  be  completed  and  a  c 
allowed  to  pass,  it  is  beyond  dispute  that  the  energy  of  the  cu™*l 
is  supplied  by  chemical  action  in  the  cell.  We  may  regard  tbt  1 
cell  as  a  contrivance  in  which  electricity  is  pumped  up  from  if 
lower  level  to  a  higher  by  the  expenditure  of  chemical  eneiB!i| 
the  electricity  running  down  through  the  external  circuit  K 
lower  level  again,  and  so  on  continuously. 

In  the  simple  diagram  here  given  the  cell  is  represented  bj  1 
llie  vertical  line  CZ.  This  indicates  that  in  the  cell  the  elec- 
tricity is  raised  from  a  lower  to 
a  higher  level  by  expenditure  of 
chemical  energy  ;  and  that  then 
the  electricity  flows  down  from 
the  higher  level  C  to  the  lower 
level  Z  through  the  exterwil 
circuit  X. 

We  may  here  add  that  it  is 
usual    to   call  the   zinc   the  + 
pper  the  —  plate ;  while  the  copper  wire  soldered  lo 
the  —  pole,  and  that  soldered  to  the  copper  plate 
In  fact,  that  plate  or  pole  is  called  '  + '  from 
i  flows  to  the  other  plate  or  pole  respectivelif. 
t  flows  from  zinc  to  copper  through  the  liquid,  ai>d 
from  copper  to  zinc  through  the  external  circuit. 
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The  phenomena  of  the  *  open '  cell  are,  we  see,  electrostatic  : 
J  A  V  of  the  terminals  may  be  observed  with  a  quadrant  elecr 
meter.  When  the  circuit  is  completed  we  get  a  flow  of  elec- 
lity  ;  the  phenomena  accompanying  this  flow  will  be  surveyed 
Chapter  XII. 

§  8.  Digression  on  the  Galvanometer.— In  Chapter  XVII. 
e  student  will  find  discussed  the  construction  and  theory  of  the 
Ivanometer.     We  shall,  therefore,  deal  with  it  very  briefly  here. 

The  figures  of  Chapter  XVII.  indicate  that  when  a  current 
Lsses  along  a  wire  held  parallel  to  a  magnetic  needle,  above  or 
ilow  it,  the  current  produces  a  magnetic  field  that  tends  to  set 
e  needle  in  a  position  at  right  angles  to  the  wire.    As  the  needle 

deflected,  the  earth's  couple,  tending  to  restore  it  to  its 
riginal  position  of  rest  in  the  plane  of  the  magnetic  meridian, 
ecomes  greater  ;  while  the  disturbing  couple  due  to  the  current 
ecomes  less.  Hence  it  will  rest  at  some  angle  of  deflexion  from 
le  magnetic  meridian  ;  and  the  magnitude  of  this  angle  can  be 
tiiployed  to  calculate  the  strength  of  the  current. 

By  •  strength  of  current '  we  mean  quantity  of  electricity  passins^ 
rross  any  cross-section  of  the  icire  in  one  second  of  time ;  as  will  be 
nther  explained  in  Chapter  XIII. 

It  is  found  that  the  galvanometer  indicates  the  strength  of 
jrrent  as  just  defined.  It  makes  no  difiference  in  the  indications 
hether  this  quantity  per  seco?id  flow  quickly  through  a  thin  wire, 
'  slowly  through  a  thick  one. 

§  9,  The  Solution  of  Zinc  in  the  Voltaic  CeU. — We  will  now 
:aniine  the  nature  of  the  chemical  action  that  goes  on  in  the 
oltaic  cell,  considering  first  the  open  cell,  and  then  the  closed 
rcuit. 

I.  In  the  open  circuit, — If  we  immerse  a  plate  of  ordinary 

►mmercial  zinc  in  the  dilute  acid  of  the  battery  cell  (we  usually 

ix  strong  sulphuric  acid  with  water  in  the  proportion  by  weight 

one  of  the  former  to  ten  of  the  latter),  we  notice  the  usual  dis- 

igagement  of  hydrogen  from  the  surface  of  the  zinc. 

But  if  we  immerse  either  very  pure  zinc,  or  ordinary  zinc 
hose  surface  has  been  amalgamated  with  mercury,  no  such  action 
kes  place.  Here  the  zinc  and  copper  plates,  unconnected  with 
Lch  other,  stand  opposite  to  each  other  in  the  dilute  acid,  equally 
issive. 
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Probably  the  action  of  the  mercury  with  which  we  have  amal- 
gamated the  surface  of  the  commercial  zinc  is  to  soften  that 
surface,  and  to  render  the  zinc  superficially  free  from  all  strain ; 
to  give  the  zinc  a  mechanical  homogeneity  that  apparently  makes 
it  behave  like  chemically  pure  zinc  in  being  unacted  upon  by  dilute 
sulphuric  acid. 

//  In  the  closed  circuit. — If  we  repeat  the  above  simple  ex- 
periments, but  now  connect  the  copper  and  zinc  plates,  we  get  a 
current. 

In  the  figures,  A  is  the  zinc  plate,  B  is  the  copper  plate,  C  and 
C  are  copper  wires.  The  first  figure  represents  the  fact  that  the 
terminals  C  and  C  in  the  open  cell  are  at  different  V  .  j;  th^ 


Fig.  i. 


Fig    ii. 


second  figure  represents  the  direction  of  the  current  that  ensues 
when  the  terminals  are  connected. 

Now  we  shall  find  that,  in  the  case  of  common  zinc,  when  the 
circuit  is  completed  immediately  there  is  an  increase  in  the  evolu- 
tion of  hydrogen,  the  additional  gas  being  given  off  the  copper 
plate  from  the  side  that  is  turned  towards  the  zinc  plate. 

In  the  case  of  pure,  or  amalgamated,  zinc,  we  shall  find  that 
on  completing  the  circuit  chemical  action  at  once  commences ; 
hydrogen  is  given  off  trom  the  copper  plate,  while  the  zinc  is  dis- 
solved. In  both  cases  we  find,  on  testing  the  liquid,  that  it  is  the 
zinc  that  is  dissolved,  the  copper  remaining  unacted  upon  by  the 
acid. 

In  the  case  of  pure,  or  amalgamated,  zinc,  it  would  seem  from 
this  experiment  that  chemical  action  only  occurs  when  a  current 
I)asses,  and  that  then,  while  it  is  the  zinc  that  is  acted  upon,  yet 
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hydrogen  is  set  free  from  the  surface  of  the  copi^er  plate. 
LIS  the  hydrogen  seems  to  travel  in  some  invisible  manner  with 
current,  and  to  be  set  free  off  that  surface  by  which  the 
rent  leaves  the  liquid. 

In  the  case  of  impure  zinc  it  seems  likely  that  the  solution, 
ich  proceeded  while  the  cell  was  open,  still  goes  on  when  the 
2:uit  is  closed,  but  that  now  there  is  additional  solution  of  zinc, 
:  hydrogen  corresponding  to  this  portion  being  set  free  off 
i  copper  plate. 

Further  investigations  have  made  it  almost  certain  that  in  no 
>e  will  the  zinc  aissolve,  saving  step  by  step  with  the  passage 

a  current ;  but  that  in  the  case  of  impure  zinc  there  are  in- 
merable  small  currents  circulating  between  portions  of  the 
pure  zinc,  that  differ  from  one  another  in  chemical  or  in 
ichanical  properties.  These  currents  are  called  local  currents, 
d  the  chemical  action  that  occurs  in  the  open  cell  is  called 
'al  action.     Amalgamation  then  is  to  prevent  the  occurrence 

local  action^  which  latter  contributes  no  energy  to  the  main 
irrent 

§  lo.  PolarisatioD. — In  the  simple  Volta's  cell  in  which  we 
»e  a  copper  and  a  zinc  plate  immersed  in  dilute  sulphuric  acid,  it 

found  that  the  current  falls  off  rapidly  from  its  initial  strength, 
'^e  may  show  this  by  introducing  a  galvanometer  into  the  circuit, 
hen  a  gradual  decrease  in  the  deflexion  of  the  needle  will  be 
^served  (see  §  8). 

Note,  — Merctiry  cups.  —  In  all  experiments  where  it  is  necessary  to  make 
d  to  unmake  electrical  connection  between  different  conducting  wires,  it  is 
ry  convenient  to  use  mercury  cups.  These  may  be  simply  small  round 
K)den  boxes  filled  with  mercury,  in  the  lids  of  which  are  bored  holes.  The 
re  terminals  of  the  battery,  or  of  any  piece  of  apparatus  such  as  the  galvano- 
ter,  may  be  rapidly  dipped  into  or  removed  from  these  cups,  and,  if  .the 
res  be  well  amalgamated,  the  connections  thus  made  are  good. 

On  examining  into  the  cause  of  the  falling  off  in  current,  we 
d  it  to  be  due  to  the  film  of  hydrogen  that  adheres  to  the 
pper  plate  at  which,  as  we  have  seen,  it  is  set  free. 

Experiment  shows  that  this  hydrogen  acts  to  lessen  the  current 
two  very  different  ways. 

Firstly^  it  covers  the  copper  plate  with  a  layer  that  conducts 
e   current  very  badly  as  compared  with  the  dilute  acid  that 
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initially  was  in  complete  contact  nith  the  copper,  thus  lessening 
the  current  by  passive  resistance. 

Secondly,  owing  to  the  presence  of  the  hydrogen  on  the  copper. 
Ijlaie  there  is  a  tendency  to  a  back  current  opposing  the  main 
current  This  back  tendency  is  called  polarisation,  and  is  of  i 
very  diflerent  nature  from  resistance.  Indeed,  if  we  now  replace. 
the  zinc  plate  of  the  cell  by  a  clean  copper  plate,  and  complete 
the  circuit,  we  find  that  we  actually  get  a  reverse  current;  this 
continues  until  the  hydrogen  has  combined  with  all  the  oxygen 
that  is  mechanically  dissolved  in  the  liquid,  as  we  shall  see  htet 
on  (see  Chapter  XII.  §  ii). 

It  is  pretty  clear  even  at  this  stage  that  '  polarisation '  can 
never  actually  reverse  the  original  current,  for  this  latter  causes 
the  polarisation.  But  the  current  can  be  nearly  or  quite  broughi 
to  a  standstill. 

Experiment.  — "Wz  figure  imlicnles  in  .T  simple  iliigtammalic  mannnoM 
nnxie  of  showing  this  '  back  lenilency '  or  '  jiolarisalion.' 

(1  is  a  somewhat  delicate  galvnnomeler  ;  m  m'  ure  mercury  cupe ;  Cu  aid 
Zn  are  ihe  plates  of  the  cell,  in  which  we  here  use  common  water  inattai  «f 
dilute  acid.     C'u  is  a  spare  coppo 
^^.         that  may  be  readily  saiistituloi '" 
]       the  plale  Zn. 

(If  we   find    the   current  im 

strong  for    the    galvanometer,  « 

^  =  ^  C^   may  protect  this  latter,  to  a  gream 

=  ^  ^  or  less  extent,   by   lirMging  ("« 

g  ^  : .-  the  cups  m  m'  with  a  wire  of  If 

"".  •— — i  or  greater  resistance,  as  will  bt 

explained  in  Chapter  Xill.S  10)    ' 

We  first  complete  the  circuit,  as  shown  in  Ihe  diagram,  and  notice  thatilK 

initial  current  soon  almost,  or  entirely,  ceases.     We  next  replace  the  plaieZn 

liy  the  'passive  plate'  Cu,  and  a  reverse  current,  almost  as  strong  as  ihf 

original  current,  will  l>e  observed. 

If  we  use  dilute  acid  in  the  cell,  the  current  only  falls  off  to  some  exW", 
and  the  reverse  current  is  proportionally  weaker. 

§  T  r.  Constant  Batteriei.— The  efforts  of  scientific  men  neie 
soon  directed  towards  Ihe  contrivance  of  battery-cells  in  which 
polarisation  did  not  occur. 

The  hydrogen,  which  in  the  simple  Volta's  cell  adheres  to  the 
copper  plate,  was  to  be  got  rid  of.     One  method  of  doing  this  was 
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chanical  method  ;  viz.,  to  use  as  a  negative  plate  some  plate 
hich  the  hydrogen  could  not  stick  in  the  form  of  a  film.  The 
r  method  was  to  give  the  hydrogen,  as  it  appeared  in  its 
ent  condition  on  the  surface  of  the  negative  plate  (see  §  7), 
I  chemical  reducing  work  to  do.  We  will  now  describe 
ral  forms  of  so-called  *  constant '  battery-cells  under  the  heads 
lechanical  and  chemical  respectively. 

hte, — Electromotive  force. — The  poles  of  the  open  cell  exhibit  a  certain 
the  greater  this  is,  the  greater  [cceteris  paribus)  will  be  the  current  when 
:ircuit  is  closed.  When  the  current  is  running,  that  which  urges  it  is 
1  electromotive  force  ;  it  can  be  measured  in  terms  of  the  A  V  that  would 
ar  were  the  circuit  cut.  We  shall  hear  more  of  electromotive  force 
illy  called  E.M.F.)  when  we  come  to  Ohm's  Law  in  Chapter  XHL 

In  Chapter  XV*  §  13  we  shall  see  that  when  the  hydrogen  is 
rid  of  by  chemical  means  we  not  only  obviate  polarisation,  but 
gain  a  positive  advantage  in  a  greater  E.M.F.  (see  preceding 

I.  Mechanical. — The  earliest  form  of  cell  in  ordinary  use  that 

les  under  this  head  is  the  Smee's.     In  this  the  copper  plate  is 

aced  by  a  sheet  of  thick  silver  foil  that  is  covered  with  very 

ly  divided  platinum  (or  *  platinum -black  ').     Off  these  points 

hydrogen  rises  to  the  top,  and  does  not  remain  as  a  film 

ering  the  negative  plate.     The  substitution  of  silver  for  copper 

:s,  moreover,  a  slightly  greater  E.M.F. 

IL   Chemical.     Single-fluid  cells. — The  most  important  single- 

i  cell  in  which  the  hydrogen  is  used  up  in  doing  chemical 

action  is  the — 

(i.)  Bichromate  cell. — Here  the  negative  plate  is  of  carbon  (a 

:ial  kind)  instead  of  copper  ;  and  the  liquid  is  composed  of  a 

ition  of  potassium- bichromate  in  water,  mixed  with  sulphuric 

1.   The  nascent  hydrogen  is  employed  in  reducing  the  chromic 

1 ;  so  that  chromic  sulphate  is  formed.    This  battery  has  a  high 

I.F.,  yields  no  fumes,  is  simple  in  its  arrangements,  and  there- 

:  is  adapted  for  general  laboratory  use.     The  zinc  plates  must 

removed  from  the  liquid  when  not  in  use. 

(ii.)  Latimer  Clark^s  standard  cell. — For   purposes  of  com- 

ison  rather  than  for  practical  use,  Latimer  Clark  proposed  the 

owing  cell. 

As  a  negative  plate,  pure  mercury.    Over  this  a  paste  obtained 

N 
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by  boiling  sulphate  of  mercury  with  n  saturated  solution  of  udc 
sulphate. 

As  a  positive  plate,  zinc  ;  this  resting  on  the  sulphate  pastt 
Insulated  wires  are  connected  with  both  plates. 

This  cell  can  be  easily  prepared.  Its  value  consists  in  tlie 
fact  that,  when  left  with  the  circuit  open,  its  KM.F.  is  vety  con- 
stant, and  can  be  used  as  a  standard  of  comparison.  Whenihoir 
ever,  the  circuit  is  closed,  and  a.  current  flows,  the  E.M.F.  does  not 
remain  constant. 

IlL  CAemical.  TkBofluid  cells. — There  are  many  elemenis 
in  which  the  negative  plate  is  separated  from  the  positive  plate  by 
a  porous  pot  or  partition.  The  positive  plate  is  surrounded  by  a 
liquid  that  acts  upon  it  when  the  circuit  is  closed,  and  the  negadve 
plate  by  a  liquid  containing  something  that  the  nascent  hydrogen 
can  reduce. 

(i.)  Bunsen's  et/l.  —  ln  this  battery  the  +  plate  is  ainc,  sur- 
rounded by  dilute  sulphuric  acid.     The  —  plate  is  gas-carbon ;  il 


Mands  in  a  porous  pot,  and  is  surrounded  by  nitric  acid,  the 
jiorous  vessel  thus  preventing  the  two  acids  from  mixing,  while 
yet  allowing  the  chain  of  chemical  changes  to  pass  with  the 
current  through  its  pores. 

In  the  figure,  P  represents  the  entire  cell ;  while  F  Z  V  C 
represent  the  outer  vessel,  zinc,  porous  pot,  and  carbon  re- 
spectively. 

The  zinc  dissolves  in  the  dilute  acid,  forming  zinc  sulphate  ; 
while  the  corresponding  hydroger),  set  free  against  the  carbon, 
reduces  the  nitric  acid  to  lower  oxides  of  nitrogen. 
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(ii.)  Grvi'is  all. — This  is  an  earlier  fonn  than  the  preceding. 
It  differs  from  it  only  in  having  platinum  instead  of  carbon.  The 
shape  of  the  porous  pot  is  flat,  to  suit  the  flat  plates  of  platinum- 
foil 

(iiL)  DattklFs  eell. — In  this  the  only  «««/('(7/ difference  from 
the  above  is  that  we  have  copper  in  a  saturated  solution  of  copper 
sulphate,  instead  of  piatinum  (or  carbon)  in  nitric  acid.  But  it  is 
usually  constructed  having  the  zinc  and  acid  in  the  porous  pot, 
while  very  often  the  copper  itself  forms  the  outside  vessel.  The 
zinc  may  be  surrounded  by  a  semi- saturated  solution  of  zinc 
sulphate,  or  of  common  salt,  instead  of  by  dilute  sulphuric  acid. 

Here  the  hydrogen  reduces  the  copper  sulphate  ;  sulphuric 
acid  is  formed,  while  copper  is  deposited  on  the  copper  plate.  It 
is  therefore  necessary  to  keep  up  the  strength  of  the  copper 
sulphate  solution  by  a  supply  of  crystals  of  that  salt. 

In  one  very  portable  form  we  have  but  a  single  vessel ;  at  the 
bottom  is  a  plate  of  copper  on  which  is  a  layer  of  crystals  of 
sulphate  of  copper ;  over  this  is  ^ 
a  layer  of  sawdust ;  and,  resting  - 
on  this,  a  plate  of  zinc  immersed 
in  dilute  sulphuric  acid  or  in  a 
solution  of  sulphate  of  zinc  In- 
sulated wires  form  connections 
irith  the  plates. 

In  ^gravity  batteries^  the 
liquids  are  kept  apart  simply  by 
the  fact  that  the  less  dense  liquid 
fornns  a  layer  above  the  more 
dense. 

(iv.)  Leclatuhls  cell.— In  this 
the  -t-  plate  is  a  zinc  rod  immersed 
in  a  strong  solution  of  ammo- 
nium chloride.  In  the  porous 
pot  is  a  carbon  rod,  round  which 
is  tightly  packed  a  mixture  of 
manganese  dioxide  and  of  pow-  ^^^  jj 

dered  carbon.     The  porous  pot 

is  closed  at  the  top  with  pitch,  a  hole  being  left  for  the  escape  of 
gases. 
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The  ammonium  chloride  solution  soon  soaks  through  and 
moistens  the  powder  in  the  porous  pot,  and  then  the  cell  is  ready 
for  use. 

Zinc  chloride  is  formed  in  the  outer  vessel,  the  zinc  displacing 
ammonium.  In  the  inner  vessel  is  set  free  ammonia,  while  the  re- 
maining hydrogen  of  the  ammonium  reduces  the  manganese  dioxide, 

§  1 2.  Eemarks  on  Cells  and  on  Batteries. — We  have  now  men- 
tioned the  chief  cells  that  are  of  interest  to  the  general  student 
A  few  remarks  will  be  made  in  conclusion. 

Chemical  action  in  the  celL — For  a  discussion  of  the  manner  in 
which  the  chemical  action  takes  place,  in  what  way  the  hydrogen 
displaced  by  the  zinc  *  travels  with  the  current '  and  appears  at  the 
negative  plate,  and  what  relation  the  amount  of  chemical  action 
bears  to  the  strength  of  the  current,  the  student  is  referred  to 
Chapter  XII. 

Efficiency  of  different  cells. — We  have  stated  that  different  cells 
give  a  different  A  V  at  their  terminals  when  the  circuit  is  open,  and 
a  different  E.M.F.  (which,  when  the  other  conditions  are  the  same, 
will  cause  different  currents)  when  the  circuit  is  completed.  For 
a  further  discussion  of  this  matter  we  refer  the  reader  to  the  sections 
on  *  Electromotive  force '  in  Chapters  XIII.  and  XV. 

Again,  cells  differ  from  one  another  in  offering  more  or  less  re- 
sistance to  the  passage  of  the  current  through  them.  This  matter 
will  be  discussed  in  Chapter  XIII. 

Coupling  cells  together, — If  we  connect  n  cells  as  we  connected 
the  elements  in  the  Couronne  des  t asses  we  get  a  A  V  in  the  open 
circuit,  or  an  E.M.F.  in  the  closed  circuit,  which  is  n  times  that  of 
a  single  cell 

Again,  if  we  connect  all  the  positive  plates  together  and  all  the 
negative  plates  together  respectively,  we  have  what  amounts  to  one 
large  cell  whose  plates  are  n  times  the  size  of  those  of  a  single 
cell.     Such  an  arrangement  has  the  E.M.F.  of  only  one  cell. 

The  advantages  of  the  above  two  methods  of  coupling  in  dif- 
ferent circumstances  respectively  will  be  discussed  in  Chapter  XIIU 
and  the  proper  terms  will  be  there  given. 

Amalgamating  zinc. — If  the  zinc  be  wetted  with  dilute  acid  it 
is  readily  amalgamated  with  mercury. 

Or,  again,  if  a  little  sodium  be  added  to  the  mercury  it  enables 
one  to  amalgamate  zinc  and  other  metals  with  greater  ease. 
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Use  of  carbons, — In  order  to  obviate  the  tendency  of  the  car- 
jns  to  *soak  up'  the  liquids  in  which  they  are  immersed — a  result 
^ry  unpleasant  and  very  injurious  to  the  binding  screws  attached 
>  the  carbons — it  is  usual  to  soak  the  upper  part  of  the  carbons 
1  melted  paraffin  wax.  The  surface  must  then  be  scraped  at  the 
laces  where  the  binding  screws  make  contact. 
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CHAPTER  Xll. 

THE  CHEMICAL  PHENOMENA  ACCOMPANYING  THE  PASSAGE  OF 

THE   CURRENT. 

§  I.  Introductory. — In  this  chapter  we  shall  consider  the 
chemical  phenomena  that  accompany  the  passage  of  an  electric 
current.  We  shall  assume  that  the  student  is  acquainted  with  the 
elements  of  theoretical  chemistry. 

Of  the  other  classes  of  phenomena,  the  heat  effects  will  be  only 
briefly  mentioned  here,  a  fuller  treatment  being  found  in  Chapters 
XV.  and  XVI. ;  the  magnetic  effects  will  be  discussed  in  Chaptos 
XVII.  and  XVIII.,  &c. ;  and  the  induction  phenomena  form  a  largp 
portion  of  our  subject  and  will  occupy  our  attention  in  Chapteis 
XXI.-XXIV. 

§  2.  Heating  Effects;  a  Brief  Account. — When  a  cun'ent 
passes  through  a  conductor  it  is  found  that  the  said  conductor  is 
heated.  The  stronger  the  current,  and  the  greater  the  resistance 
of  the  wire,  the  greater  is  the  quantity  of  heat  evolved.  The  exact 
law  relating  to  this  matter  will  be  given  in  Chapter  XV.  A 
battery  of  from  three  to  six  large  bichromate  cells  will  render 
white-hot,  or  even  melt,  fine  platinum  wire,  and  will  illumine 
small  *  glow '  lamps  of  ten  candle-power. 

Now,  whence  does  this  heat-energy  come?  Our  source  of 
energy  is  the  battery-cell.  If  in  this  a  certain  amount  of  zinc  be 
dissolved,  there  will  be  a  certain  amount  of  heat  evolved.  If  the 
circuit  of  action  be  contained  within  the  cell,  then  all  the  heat 
due  to  the  quantity  of  chemical  action  will  appear  in  the  cell.  But 
if  the  cell  drive  a  current  and  this  current  heat  a  wire  external 
to  the  cell,  so  much  the  less  heat  will  appear  in  the  cell.  The 
total  amount  of  heat  evolved  during  the  solution  of  a  given  mass 
of  zinc  will  be  constant ;  but,  by  making  the  external  circuit  of 
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some  substance  that  offers  a  very  high  resistance  to  the  current, 
we  may  cause  nearly  all  the  heat,  due  to  the  amount  of  chemical 
action  in  the  cell,  to  be  evolved  outside  the  cell.  We  lose 
chemical-potential-energy,  and  we  gain  equivalent  heat-energy 
(see  Chapter  X.  §  4). 

§3.  Chemical  Effoots ;  Oeneral  View.— Bodies  may  be  roughly 
divided  into  three  classes  with  regard  to  their  behaviour  as  to 
allowing  a  current  to  pass  through  them. 

(i.)  Conductors, — All  those  solids  and  liquids  that  allow  a  cur- 
rent to  pass,  while  themselves  undergoing  no  change  saving  a  rise 
in  temperature,  are  called  conductors.  Such  are  metals  whether 
solid  or  molten,  carbon^  the  bodies  of  animals^  &c. 

(il)  Insulators, — Bodies  that  do  not  allow  any  appreciable 
current  to  pass  are  termed  insulators,  A  few  examples  of  insu- 
lators are  glass^  ebonite^  paraffin  oil^  dry  vapours^  &c. 

These  two  classes  merge  the  one  into  the  other.  The  reader 
should  refer  to  Chapter  XIV.  §  14,  for  tables  of  resistances. 

(iii.)  Electrolytes,— A  great  many  bodies  allow  a  current  to 
pass,  but  themselves  suffer  a  chemical  decomposition  that  pro- 
ceeds step  by  step  with  the  current ;  not  allowing  any  appreciable 
current  to  pass  without  this  chemical  decomposition  occurring. 

Such  bodies  are  termed  electrolytes.  This  class  consists  almost 
entirely  of  compound  liquids  or  solutions  of  salts,  or  of  molten 
salts ;  the  word  *  salt '  being  understood  in  its  widest  sense.  A 
few  examples  are  aqueous  solutions  of  acids^  of  metallic  salts^  or  of 
alkalis  ;  also  such  liquids  as  melted  potash  or  soda,  &c.  The 
action,  as  we  shall  see  hereafter,  requires  that  the  molecules  of 
the  bodies  shall  move  with  freedom  ;  hence  all  electrolytes  are 
liquids  or  pastes. 

Explanation  of  teriits  used, — Referring  to  fig.  (ii.),  §  4,  we  see 
that  usually  the  electrolyte  is  introdux:ed  into  a  glass  vessel,  while 
the  current  enters  by  a  metal  plate  A  and  leaves  by  another 
plate  B.  This  cell  is  called  an  electrolytic  cell ;  A  is  called  the 
anode,  B  is  called  the  kathode.  These  plates  are  usually  of 
platinum,  this  being  unacted  upon  by  most  liquids.  In  what 
follows  it  is  understood  that  they  are  of  this  metal,  unless  the 
contrary  is  stated. 

It  is  found  that  the  electrolyte  is  invariably  split  up  into  two 
molecular  (or  atomic)  groups,  the  metallic  radicle  and  non-metallic 
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radicle  respectively.  Thus  H.2SO4  splits  into  H2  and  SO4,  m 
into  H2O  and  SO., ;  NH4CI  into  NH4  and  CI,  not  into  NH^ 
and  HCl ;  CUSO4  into  Cu  and  SO4  ;  and  so  on. 

These  groups  are  set  free  at  the  two  electrodes ;  the  metallic 
groups  (as  H2,  Cu,  (NH4).2,  &c)  at  the  kathode ;  the  non-metallic" 
groups  (as  O,  SO4,  CI2,  &c.)  at  the  anode, 

I'hese  groups  are,  from  their  *  travelling,'  called  ions\  the 
metallic  groups  are  called  kations  or  electropositive^  from  being  set 
free  at  the  kathode  or  negative  plate  ;  the  non-metallic  groups  are 
called  anions  or  electronegative^  from  a  similar  reason. 

The  process  of  chemical  decomposition  through  the  agency  of 
a  current  is  called  electrolysis. 

Note.— A  slight  acquaintance  with  Greek  will  enable  the  reader  to  discover 
for  himself  the  derivation  of  the  terms  anode,  kathode,  electrode,  ions,  &c. 

Experiments  in  electrolysis.  — Experiments  to  illustrate  electrolysis  may  be 
devised  almost  ctd  infinitum.     We  here  describe  a  few  typical  cases. 

(i.)  Decomposition  of  water. — It  is  not  certain  that  pure  water  can  be 
electrolysed.     Certainly  as  we  approach  purity  the  water  becomes  almost  an 

*  insulator  * ;  it  being  remarkable  that  mere  traces  of 
acids  or  salts  in  solution  have  a  very  great  influence 
in  destroying  the  insulating  power  and  in  rendering 
the  water  an  electrolyte. 

When  we  wish  to  decompose  water  we  usually 
mix  it  with  about  one-tenth  its  volume  of  strong 
H.SOj.  What  part  the  H.^S04  plays  is  not  known 
for  certain.  Here  we  will  assume  that  it  only  renders 
the  water  capable  of  electrolysis. 

The  figure  represents  the  usual  arrangement,  or 
one  form  of  it.  The  vessel  contains  the  acidulated 
water  ;  A  and  B  are  the  anode  and  kathode  respec- 
tively ;  C  and  D  are  glass  vessels  at  first  filled  with 
the  liquid  and  inverted  over  the  electrodes  in  order  to 
collect  the  gases. 

When  the  current  passes,  the  H.^  and  the  0  of 
the  HoO  are  set  free  in  chemical  equivalents  at  the 
kathode  and  anode  respectively.  Errors  in  the 
volumes  collected  occur  from  the  greater  solubility  of 
oxygen,  from  part  of  the  oxygen  being  set  free  in  the  form  of  ozone,  and  from 
hydrogen  being  *  occluded '  by  the  platinum  electrode  to  a  greater  extent  than 
is  oxygen.  The  first  and  third  errors  can  be  nearly  eliminated  by  allowing 
the  action  to  proceed  for  some  time  before  collecting  the  gases ;  the  second 
error  by  heating  the  tube,  or  by  having  electrodes  of  such  area  that  the  current 
is  not  too  den$e. 
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In  several  of  the  following  experiments  it  is  very  convenient  to 
/e  a  V-shaped  tube  ;  the  electrodes  occupying  the  two  arms  of 
;  tube  respectively.  Or  we  may  have  an  ordinary  cell  in  which 
;  two  electrodes  are  separated  by  a  porous  earthen  diaphragm, 

two  vessels  connected  by  wet  cotton  wick.     Each  of  these 

ithods  enables  us  to  examine  at  leisure  the  condition  of  the 

uid  about  the  two  electrodes  after  the  action  has  proceeded  for 

me  time  ;  the  mixing  of  these  two  portions  of  the  liquid  being 

a  greater  or  less  extent  prevented. 

(ii.)  Electrolysis  of  CuSO^, — If  we  employ  a  solution  of  CuSO^,  we  find 
I  set  free  at  the  platinum  kathode  ;  while  from  the  platinum  anode  is  set  free 
,  the  liquid  about  this  electrode  at  the  same  time  losing  colour  and  showing 
e  presence  of  free  H2SO4. 

If  we  employ  copper  electrodes  we  find  fresh  Cu  coating  the  kathode, 
hile  the  anode  is  dissolved  with  the  formation  of  CuSOj. 

We  shall  in  §  5  argue  that  in  both  cases  there  is  primarily  set  free  Cu  at 
le  kathode  and  SO4  at  the  anode. 

(iii.)  Electrolysis  ofNa^O^, — In  this  case  (using  platinum  electrodes)  we 
md  Hj  and  2NaHO  appearing  at  the  kathode  ;  from  the  anode  is  set  free  O, 
'hile  the  liquid  about  it  shows  signs  of  free  H2SO4.  We  shall  in  §  5  show 
l^t  this  is  equivalent  to  a  setting  free  of  Na^  at  the  kathode,  and  of  SO4  at 
ie  anode. 

If  some  extract  of  red  cabbage  be  mixed  with  the  solution,  and  a  drop  or 
'  of  dilute  acid  be  added  (if  necessary)  until  the  whole  is  of  a  dull  purple 
^f>ur,  the  alkali  and  acid  will  be  indicated  by  green  and  red  colourations 
out  the  kathode  and  anode  respectively. 

(iv.)  Electrolysis  of  NH^,CL  —  \n  this  case  we  get  CI  at  the  anode,  and 
^a  together  with   H  at  the   kathode  (NH4C1  =  NH4  +  C1).     If,  however, 

Icathode  be  of  mercury^  this  latter  swells  up  and  forms  what  is  by  some 
sidered  to  be  an  amalgam  of  mercury  and  the  metal  NH^. 
"Xhe  solution  of  NH^.Cl  must  be  weak  and  cold  ;  otherwise  we  may  get  the 
V  unstable  and  dangerous  *  chloride  of  nitrogen  *  formed, 
(v.)  Electrolysis  of  KHO, — Some  potassium  hydrate  is  fused  and  is  placed 
^  piece  of  platinum  foil,  which  forms  the  anode.  In  a  cavity  on  the  upper 
Hace  of  the  salt  is  placed  a  drop  of  mercury  which  is  made  to  form  the 
liode. 

The  salt  will  have  absorbed  from  the  air,  when  it  cooled  after  fusion, 
►ugh  water  to  render  it  an  electrolyte  ;  it  will,  in  fact,  be  a  very  stiff  *  paste.* 
€r  passing  a  current  from  a  battery  (say  of  four  bichromate  cells)  for  a  few 
tnents,  we  drop  the  globule  of  mercury  into  water.  It  is  seen  to  give  off 
irogen,  while  KHO  is  found  in  solution. 

This  indicates  that  the  KHO  (2KHO  =  KoO  +  H20)  was  decomposed, 
;  being  set  free  at  the  kathode  and  there  forming  an  amalgam  with  the  mer- 
ry, while  O  was  set  free  at  the  anode. 
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(vi. )  Electrolysis  of  Pb,  ^g. — We  here  use  a  fairly  strong  solution  of  plumbic 
acetate,  and  a  pair  of  lead  electrodes. 

The  Pb  is  set  free  at  the  kathode,  there  forming  a  beautiful  *  lead  treev'j 
With  a  small  cell  this  can  be  projected  on  the  screen  by  means  of  a  lantern. 
A  battery  of  four  bichromates  causes  a  very  rapid  growth  of  the  tree  j  any 
battery-cell  will  give  the  result  in  time. 

The  anode  will  at  the  same  time  be  dissolved,  giving  PKA*. 

§  4.  Orotliil88*8  Hypothesis.  Nature  of  Electrolysis.— In  a 
later  section  we  shall  see  that,  as  we  should  have  expected,  the 
ions  set  free  at  the  two  electrodes  are  always  chemical  equiimknh 
of  one  another.  Thus  (we  assume  the  reader  to  be  acquainted 
with  the  exact  meaning  of  chemical  symbols)  for  Hj  and 
2NaH0  at  the  kathode  we  get  O  and  H2SO4  at  the  anode; 
we  could  not  get  O2,  since  that  is  equivalent  to  2H2  or  ta 
4NaH0. 

It  may  be  noticed  further  that  no  signs  of  decomposition  an 
be  detected  saving  at  the  surfaces  of  the  electrodes. 

We  give  here  a  view  of  electrolysis  that  is  consistent  with  the 
above  facts  ;  it  is  the  view  of  Grothiiss,  or  GrotAUss^s  hypotheas^ 
slightly  modified  to  suit  the  modern  theory  of  compound  liquids 
or  of  salts  in  solution. 

It  is  believed  that,  in  a  compound  liquid,  not  only  are  the 
molecules  in  continual  *  slipping'  motion,  but  the  atoms  them- 
selves are  being  continually  dissociated  and  recombined.  Thus, 
in  water,  neighbouring  molecules  of  HoO  are  continually  ex- 
changing partners,  the  H2  of  one  molecule  taking  the  O  of  the 
other,  and  reciprocally.  This  cannot  be  observed,  because  the 
interchange  is  molecular  only,  and  the  average  constitution  of  the 
liquid  remains  the  same  ;  for  much  the  same  reason,  indeed,  we 
cannot  observe  the  molecular  motion  called  *  Heat' 

It  is  considered  that  the  presence  of  the  electrodes,  connected 
with  the  -f  and  —  poles  of  the  battery  respectively,  has  the  effect 
of  directing  this  interchange  ;  or,  when  one  electrode  is  made  -f 
and  the  other  — ,  then  the  interchange  of  partners  is  such  that  on 
the  whole  the  H.,.j  in  their  changes  move  towards  the  —  electrode, 
and  the  0,s  towards  the  -h  electrode. 

Probably  the  *  current '  is  thus,  and  thus  only,  conveyed ; 
passing  by  convection  in  an  electrolyte.  In  a  metallic  conductor 
it  passes  by  conduction. 
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We  thus  have  the  H^.^  arriving  at  the  kathode  and  the  O.x 
the  anode  ;  while  the  liquid  between,  being  in  the  sanie  condi- 
as  to  average  constitution  as  it  was  before  we  tried  to  pass  a 
_^<iSnrrent,  appears  to  be  unaffected. 

This  directed  travelling  of  the  groups  has  received  the  name  of 
the  migration  of  the  ions, 

^  ,  Experinunt  illmtrating  Grothuss^s  ^^'/a^/A/xiV.— The  following  experiment 
Slustrates  how  the  electro  +  and  electro  —  groups  (or  kathions  and  anions) 
travel  from  one  electrode  to 

the  other,  while  the  inter-  -^     —        ^  ^• 

"viening    liquid     shows     no 
agns  of  change. 

A,  B,  and  C  are  three  ves- 


Fjg.  i. 


sels  containing  a  solution  of  // 
NajSOj  coloured  to  a  dull    /" 
purple  with   extract  of  red 
cabbage.       They    are   con- 
nected by  moistened  lamp- 
wick,  and  in  A  is  the  kathode,  and  in  C  is  the  anode.     If  two  Leclanch^  cells 
be  employed,  and  the  whole  be  left  for  a  day  or  so,  it  will  be  found  that  A  has 

become  alkaline,  and  C  is  acid ;  while  B through  which  have  passed  both 

the  alkaline  and  acid  groups is  still  unaltered. 


Pt 


Pt 


We  will  now  represent  in  chemical  symbols  the  interchanges 
that  are  continually  taking  place  in  an  electrolyte  when  the  current 
is  passing,  choosing  a  few  typical  cases.  The  upper  brackets 
represent  the  condition  of  the  chain  of  molecules  before  inter- 
change ;  the  lower  brackets  give  the  new  grouping  after  inter- 
change, with  the  ions  set  free  at 
the  two  electrodes  respectively. 

I.  The  case  of  water. — Here 
we  see  that  initially  we  have 
groups  of  OH 2  on'y,  while 
finally  we  have  an  odd  Yi<^  2X 
the  kathode,  an  odd  O  at  the 
anode,  with  groups  of  OHj  between,  as  befure. 

II.  The  DanieWs  cell. — Here  we  will  consider  the  case  of  a 
battery-cell  itself,  since  all  we  have  said  of  electrolysis  applies 
to  the  battery-cell  equally  with  the  el ectrolv tic-cell,  to  chemical 
combination  equally  with  chemical  decomposition.    In  the  battery- 
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^ 
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Fig.  ii. 
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Fig.  iii. 


cell  the  copper  plate  is  the  kathode,  and  the  zinc  plate  is  the 

anode. 

The  *  Zn '  against  the  zinc  plate  represents  an  atom  of  the 
originally  undissolved  zinc.  The  arrangement  of  brackets  repre- 
sents that  when  the 
circuit  is  closed  this 
Zn  takes  SO4  from 
the  nearest  HSSO4; 
this  leaves  H2  to  take 
SO4  from  the  next 
H2SO4,  and  so 
on  ;  Hg  then  passing 
through  the  porous 
cell  takes  SO4  from 
the  next  CUSO4,  and 
so  on,  until  finally  Cu  is  deposited  on  the  copper  plate  (the 
kathode). 

As  explained  earlier,  no  change  due  to  this  interchange  will 
be  observable  saving  at  the  surfaces  of  the  battery  plates. 

§  5.  Primary  and  Secondary  Decompositions. — We  will  now 
complete  the  theory  of  electrolysis,  explaining  the  results  of  de- 
composition noticed  in  §  3,  (ii.),  (iii.),  (v.),  &c. 

There  is  every  reason  for,  and  no  reason  against,  the  view  that 
in  electrolysis  we  have  primarily  the  metallic,  and  the  non- 
metallic,  groups  set  free  against  the  kathode  and  anode  respec- 
tively. 

But  for  reasons  of  *  chemical  affinity  *  such  a  condition  of  things 
may  not  be  stable.     Thus  if  Na2S04  be  decomposed  into  Na2 
and  SO4,  the  Nag  will  decompose  water  and  give  2NaHOH-H2, 
while  the  SO4  with  water  will  give  H2SO4  +  O. 
Thus  we  have  by  primary  decomposition^ 

at  anode  SO^ Na.^  at  kathode  ; 

and  then  by  secondary  decomposition^ 

at  anode  O  +  H.^SO^     ....     2NaHO  +  H2  at  kathode. 

The  reader  will  notice  that,  in  both  cases,  what  we  have 
stated  as  to  metallic  groups  moving  with,  and  non- metallic  groups 
moving  against,  the  current,  still  holds  good. 

In  the  case  of  the  decomposition  of  CUSO4,  the  Cu  is  de- 
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posited  at  the  kathode  whether  that  be  of  copper  or  of  platinum, 
Cu  being  stable.  But  if  the  anode  be  platinum,  the  SO4  gives 
H2S04-fO  ;  while  if  it  be  of  copper  it  will  act  on  this  and  give 
simply  CUSO4. 

So  in  the  case  of  other  salts  ;  the  general  principle  of  electro- 
lysis determines  the  primary  decomposition^  and  then  a  knowledge 
of  chemistry  enables  us  to  predict  the  nature  of  any  secondary 
action  that  may  occur. 
\  §  6.  Simnltaneoiui  Decompositions. — When  the  strength  of 
current  per  unit  area  of  the  electrode  is  great,  we  find  that  we  get 
m  many  cases  a  simultaneous  decomposition  of  the  salt  and  of 
the  water  in  which  it  is  dissolved. 

Thus,  if  we  use  very  small  electrodes  of  Cu  in  a  solution  of 
CUSO4,  and  drive  a  large  current  through,  we  get  Hj  set  free 
with  Cu  at  the  kathode,  and  O  set  free  as  well  as  Cu  dissolved  at 
the  anode. 

Such  is  a  case  of  what  is  called  simultaneous  decomposition, 

§  7.  Faradajr's  Laws  of  Electrolysis. — The  laws  of  electrolysis 
were  experimentally  investigated,  and  enunciated,  by  Faraday. 
We  have  somewhat  forestalled  them  in  what  has  preceded  ;  as  it 
was  impossible  to  discuss  the  action  in  cells  and  the  nature  of 
electrolysis  in  a  purely  historical  order. 

We  have  already  (Chapter  XL  §  8)  stated  that  in  the  galvano- 
meter we  have  a  means  of  measuring  current- strength,  or  quantity 
of  electricity  passing  per  second.  Hence  we  have  a  means  of 
investigating  the  relation  between  the  amount  of  chemical  action 
per  second,  and  the  strength  of  the  current. 

Faraday  found  the  following  two  laws  to  hold. 

I.  *  The  amount  of  chemical  action  per  second  is  directly  pror 
portioned  to  the  current- strength,^ 

The  physical  meaning  of  this  law  would  seem  to  be  twofold  ; 
15/,  that  the  current  does  not  pass  through  an  electrolyte  partly  by 
electrolysis  and  partly  by  ordinary  conduction,  but  only  by  electro- 
lysis ;  2nd^  that  an  ion  can  only  carry  with  it  a  fixed  quantity  of 
-f ,  or  of  — ,  electricity,  so  that  additional  current  requires  a  pro- 
portionally additional  number  of  ions  to  carry  it.  The  above  law 
involves  also  the  statement  *•  that  a  fixed  current  liberates  per  second 
a  fixed  mass  of  each  ion  respectively^  {see  §  9). 
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II.  ^  If  the  same  or  equal  currents  pass  through  ser^erald 
lytic  cells^  the  weights  of  ions  (which  may  be  either  atoms  or  m( 
cular  groups)  set  free  at  the  several  electrodes  will  be  in  the  pre 
tion  of  the  chemical  equivalents  of  these  ions,^ 

An  example  will  make  this  clear,   our  modern  system 
chemical  notation  rendering  explanation  an  easy  matter.    Let 
same  current  pass  in  succession  through  four  cells  containing  copi 
sulphate^  ammonium  chloride^  sodium  sulphate  solutions,  and  fus 
silver  chloride^  respectively.     Then,  taking  secondary  actions  int 
account  and  considering  the  kathodes  only,  we  get  set  free  at 
successive  kathodes  (i.)  copper^  (ii.)  ammonia  and  hydrogen  (whickl 
can   be   regarded  as  ammonium)^  (iii.)  hydrogen^  and  (iv.)  sibm 
respectively.     Now  these  are,  when  in  chemical  equivalents,  repre- 
sented by  Cu,  2NH4,  H^,  and  Agg,  respectively  ;  giving  us  as  the' 
numbers,  to  which  the  masses  set  free  are  proportional,  (i.)  63  of  1 
copper^  (ii.)  36  of  ammonium,  (iii.)  2  oi  hydrogen,  and  (iv.)  216  of 
silver. 

The  physical  meaning  of  this  law  seems  to  be  somewhat  as 
follows.  Each  equivalent  atom  or  group  such  as  Cu,  Hj,  Ag^ 
SO4,  2(N03),  ^^-i  carries  with  it  the  same  unalterable  quantity  of 
electricity  as  it  migrates  to  that  electrode  at  which  it  is  *  set  free.' 
We  have,  in  fact,  a  new  significance  attached  to  the  expression 
*  chemical  equivalent,'  viz.,  that  those  groups  or  atoms  which 
are  chemical  equivalents  have  also  the  same  power  of  carrying 
electricity. 

We  may  throw  Law  II.  into  the  form  .  .  . 

When  the  same  or  equal  currents  pass  through  several  cells,  then 
are  the  same  number  per  second  of  equivalent  atoms  or  groups  set 
free  against  each  electrode, 

§  8.  Farther  on  Faraday's  Laws  of  Electrolysis. 

The  case  of  simultaneous  decompositions, — In  this  case  (see  §  6) 

the  form  of  the  law  last  given  is  the  more  useful. 

Now  if  we  have  P  grammes  of  copper  and  P  grammes  of  silver, 

p 
then  the  numbers  of  atoms  in  each  are  proportional  to and 

p 

—  respectively.     But,  since  copper  is  dyad  and  silver  is  monad, 
106 

the  numbers  of  equivalent  atoms  or  molecules  are  proportional  to 
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P 

and  — -  respectively.     If  in  successive  cells  we  have  set  free  at 

i  kathodes  P  grammes  of  copper,  Q  grammes  of  silver,  and  R 

immes  of  hydrogen,. respectively,  then  the  second  form  of  the 

p  Q         t> 

V  gives  us  the  result  that  —  =  -^,  =  -  . 

63       216       2 

Now  if  in  one  cell  we  get  simultaneous  decompositions,  it  is 
)t  hard  to  see  what  relation  must  hold.     If,  e,g,^  in  the  first  cell 

2  get  both  copper  deposited,  and  water  also  decomposed  setting 
2e  S  grammes  of  hydrogen  at  the  kathode,  then  we  must  have 

S  _^  P  ^   Q   ^  R 
2       63       216        2' 

But  the  proportion  of  S  to  P  cannot  be  predicted  ;  it  depends 
pon  the  density  of  current  and  upon  other  conditions. 

§  9.  Electro  chemical  Eqoiyalents. — We  shall  in  Chapter  XIV. 
2  explain  in  what  units  we  measure  current-strength.  We  shall 
here  find  that  the  generally-employed  unit  of  current  is  the 
mptre  ;  this  being  a  cunent  in  which  a  definite  quantity  of  elec- 
ricity  calk  d  a  coulomb  passes  across  any  section  of  the  conducting 
ircuit  in  one  second  of  time.  ... 

The  quantity,  one  coulomb^  of  electricity  performs  a  definite 
mount  of  electrolysis  in  its  passage  through  an  electrolyte  ;  it 
berates  a  definite  mass  of  each  ion.  If  we  express  this  mass  Z 
1  grammes^  the  number  is  called  the  electro-chemical  equivalent  of 
lat  ion.     We  usually,  however,  give  Z  in  milligrammes. 

From  Faraday's  laws  it  is  clear  that  if  we  know  this  number 
Dr  H,  we  know  it  for  all  ions.     Now,  the  chemical  equivalent  of 
ilver  has  been  of  late  experimentally  determined  with  great  care, 
md  it  seems  certain  that  if  we  take  I'liS  milligrammes  of  silver 

3  be  set  free  by  i  ampere  in  i  second,  we  shall  be  right  to 
ithin  ^  part  in  100  parts.  In  these  experiments  the  strength 
f  the  current  was  of  course  measured  independently  of  chemical 
ction. 

§  10.  Electro-plating.— One  case  of  electrolysis  forms  the 
•asis  of  an  important  industry.  It  is  the  case  where  the  electro- 
/te  is  a  solution  of  some  metallic  salt,  the  anode  is  a  plate  of  the 
a  me  metal,  and  the  kathode  is  a  conducting  surface  that  we 
.csire  to  coat  with  this  metal. 
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CH  n 

Name  of  the  body 

Atomic 
weight 

Chemical 
equivalent 

Electro-cheiniad 

eauivalentZ,u 

miIligraQun--8per 

ampere  per  seoud 

Hydrogen          .... 

i-o 

1*0 

0-0104 

Potassium 

391 

391 

0*405 

Sodium 

230 

23*0 

0-258 

Gold 

196  6 

65*5 

0678 

Silver 

108 -0 

108*0 

I*Il8 

Copper,  ic -salts 

63-0 

315 

0*326 

,,       ous-salts 

63*0 

630 

0*652 

Mercury,  ic-salts 

200 -0 

100 '0 

1-035 

;         „         ous-salts 

200*0 

200 '0 

2*070 

Tin,  ic-salts 

118*0 

29*5 

0*305 

,,   ous-salts    . 

118*0 

590 

0*61 1 

Iron,  ic-salts 

56*0 

18-3 

0*189 

,,     ous-salts   . 

56*0 

28*0 

0*290 

Nickel      . 

590 

295 

0*305 

Zinc . 

65*0 

32*5 

0*336 

Lead 

207*0 

103*5 

1*072 

This  table  belongs  to  §  9. 

Sometimes  it  is  desired  to  coat  the  body  (as  a  baser  met 
with  a  permanent  adherent  layer  (as  of  gold  or  silver) ;  sometin 
with  a  non-adherent  layer  that,  when  detached,  gives  us  a  * 
verse '  impression  of  the  surface  on  which  it  was  deposited.  1 
processes  of  electro  gilding  and  electro- silvering  come  under  \ 
first  head  ;  those  of  reproduction  of  engravings^  casts  of  coins,  8 
come  under  the  second  head.  Sometimes  also  we  employ 
process  to  etch  des'gns  on  the  anode. 

In  §  II  we  shall  see  that  under  the  above  conditions,  i.e,  wl 
the  solution  remains  unaltered  in  strength  while  there  is  a  trans 
ence  of  metal  from  the  anode  to  the  kathode,  any  single 
however  weak  can  effect  the  electrolysis  {see  also  Chapter  XV.' 

As  a  general  rule  a  single  battery-cell  with  large  electro 
gives  a  compact  film  of  metallic  appearance,  while  a  powe 
battery,  with  electrodes  too  small  for  the  current,  gives  a  spo 
non-metallic-looking   coating.     In  a  word,  for  good  results 
current  must  not  be  too  dense. 
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I.  Copper-plating. — In  this  case  we  wish  to  coat  roetals  with 

opper.  In  more  technical  books  (such  as  Hospitatier's '  Forniu- 
lire  Pratique  de  I'Electricien '  and  Sprague's  '  Electricity ')  the 
-udent  will  find  recipes  for  copper  solutions  suitable  for  different 
urposes,  and  directions  as  to  current- density,  &c,  such  as  will 
isure  the  best  results.  In  the  present  Course  we  shall  give  little 
ut  the  principles  of  the  different  methods,  and  shall  therefore 
ive  but  one  recipe  for  a  copper  solution.  'A  quantity  of  water  is 
lixed  slowly  with  from  one-tenth  to  one-twelfth  its  volume  of  strong 
IjSO,,  and  the  mixture  when  cold  is  saturated  with  CUSO4-' 

As  a  battery  we  may  use  one  Daniell's  cell  of  sufficiently  lai^e 
ize.    This  is  connected  up  with  two  metal  rods  B  and  D  as 


lown,  so  that  conducting  bodies  hung  from  B  form  the  kathode, 
hile  a  copper  plate  hung  from  D  forms  the  anode.  All  wires,  &c., 
hich  it  is  desired  to  protect  from  action  must  be .  coated  with 
ax,  or  with  caoutchouc,  or  other  varnish.  If  the  body  is  a  non- 
inductor  it  should  be  covered  with  some  conducting  substance, 
id  care  must  be  taken,  by  encircling  it  with  a  copper  wire  or  by 
ime  other  means,  to  make  the  action  uniform  over  the  surface, 
he  bodies  to  be  coated  may,  more  simply,  be  made  to  form  the 
sgative  plate  in  a  Daniell's  cell.  In  this  case  the  substitution 
r  salt  and  water  for  battery  acid,  as  the  solution  acting  on  the 
nc,  will  make  the  action  slower  and  the  copper-lilm  more  com- 
ict.  If  the  action  is  sutiSciently  slow,  the  deposit  of  a  film  of 
,  mm.  should  take  from  twelve  to  twenty-four  hours  (Hospitalier), 
lOugh  a  quicker  rate  of  deposit  may  give  good  results. 

II,  Reproduction  0/ engravings,  dr'c. — If  the  object  to  be  re- 
oduced  be  a  delicate  one,  we  may  proceed  as  follows.     We 
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will  suppose,  e.g.,  that  it  is  required  to  get  a  facsimile  of  one 
of  a  rare  coin.     First,  we  take  a  wax  cast  (in  reverse)  of  the 
I'his  wax  reverse  is  then  coated  with  plumbago,  surrounded 
a  thin  copper  wire  so  as  to  distribute  the  current  more  evei 
and  made  to  form  the  kathode  in  an  electrolytic  cell.  The  copper' 
coating  will,  when  removed,  reproduce  the  surface  of  the  coinii 
question.      Or  we  may  make  complete  casts  of  bodies  and  obtaia 
electro-copper  copies  or  reverses,  according  as  the  cast  is  a  reverse 
or  not. 

III.  Electro- etching, — By  covering  a  copper  plate  with  wai| 
tracing  characters  through  the  wax,  and  using  the  plate  as  an 
anode,  we  may  etch  out  designs  to  any  required  depth.  It  is, 
however,  not  very  easy  to  obtain  any  delicate  results  in  this  way. 

IV.  Obtaining  designs  in  relief, — If  we  use  the  plate,  prepared 
as  in  III.,  as  the  kathode  in  the  cell,  we  shall  obtain  the  same 
designs  in  relief. 

V.  Silver-plating, — For  this  purpose  we  must  employ  a  silver 
solution,  and  a  silver  plate  as  anode.  One  recipe  for  the  silver 
solution  is  as  follows  ( Hospitalier).  'Dissolve  150  grammes  of 
AgNOa  in  ten  litres  of  distilled  water  ;  add  250  grammes  of  pure 
KCN  ;  stir  until  there  is  complete  solution  ;  then  filter.' 

In  silver-plating  good  results  are  more  difficult  to  obtain  than 
in  copper- plating,  and  more  technical  books  than  the  present 
Course  should  be  consulted  if  the  student  intends  more  than  mere 
illustrative  experiment 

§  II.  Polarisation  of  the  Electrodes.— In  simple  electrolysis, 
/>.  where  no  simultaneous  decompositions  {see  §  6)  occurs  there 
are  two  cases  to  be  considered. 

I.  Where  there  is  no  polarisation, — In  the  cases  of  electro- 
plating considered  above,  the  condition  of  the  plates  and  of  the 
solution  remains  constant.  The  fact  that  the  kathode  increases,  and 
the  anode  decreases,  in  thickness  during  the  action  obviously  does 
not  affect  the  question  of  whether  there  will  be  a  '  back  tendency.* 
Hence,  there  is  no  more  tendency  for  the  chemical  changes  to 
take  place  in  a  reverse  order  after  electrolysis  has  proceeded  than 
there  was  at  first.  There  is,  in  fact,  no  chemical-potential-energy 
stored  up  by  the  electrolytic  action  ;  and  no  tendency,  therefore, 
for  the  electrolytic  cell  to  drive  a  reverse  current  {see  Chapter 
XI.  §  10  and  Chapter  XV.  §§  8  and  9). 
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Note, — There  may  be  a  very  slight  amount  of  polarisation  owing  to  the  fact 
that  the  deposited  metal  is  not  of  exactly  the  same  quality  as  the  anode 
plate. 

Experinienf. — Wfr  may  pass  a  current   through  a  Cu  |  CuSO^  I  Cu  cell 

for  some  time,  and  then  prove  the  absence  of  polarisation  by  connecting  the 
terminals  of  the  cell  with  a  galvanometer,  when  no  current  will  be  observed. 
Care  must  be  taken  that  the  original  current  be  not  so  dense  as  to  give  simul- 
taneous decomposition  of  water. 

There  being  no  back  E.M.F.,  we  can  perform  such  electrolyses 
with  any  cell,  however  weak.  (For  further  on  this  matter,  see 
Chapter  XV.  §  ii.) 

II.  Where  there  is  polarisation, — But  in  all  such  cases  as  that 
of  the  decomposition  of  water,  i,e,  cases  where  the  condition  of  the 
cell  changes  after  electrolysis,  we  have  a  decomposition  effected  by 
the  current  against  chemical  affinities.  We  have,  set  free  at  the 
electrodes,  ions  that  have  a  chemical  tendency  to  reunite  ;  and  this 
recomposition  can  take  place  most  readily  by  means  of  a  reverse 
current  and  a  reverse  chain  of  molecular  interchanges.  We  have, 
in  such  cases,  done  chemical  work  ;  we  have  gained  chemical- 
potential-energy.  The  cell  is  now  like  a  battery-cell ;  and,  Hke  a 
battery -cell,  it  will  tend  to  drive  a  current.  The  cell  will  have 
a  certain  *  electromotive  force '  depending  on  the  energy  of  the 
chemical  affinities  of  the  ions  ;  and  this  E.M.F.  must  obviously  be 
opposed  to  that  of  the  original  current  by  which  the  electrolysis 
was  effected.     (For  E.M.F.  see  Chapter  XI.  §  ii,  note.) 

Such  cells  are  in  fact  battery-cells  ;  but,  as  a  rule,  they  will 
not  act  as  such  for  a  long  time,  as  the  supply  of  ions  ready  to  re- 
unite is  limited. 

Experiments. — (i.)  Grovels  gas-battery, — The  figure  represents  several 
'  cells  *  for  the  decomposition  of  water.  It  will  be  noticed  that  the  electrolysed 
gases  are  collected  separately,  and  that  the  platinum  electrodes  are  so  long 
that  their  upper  extremities  are  always  immersed  in  the  gas,  however  little  of 
this  latter  there  may  be. 

First,  a  current  is  passed  through  each  cell  separately  until  a  considerable 
amount  of  gas  has  been  set  free  in  each  ;  this  amount  must  be  the  same  in  all. 

Then  these  cells  are  in  reality  battery-cells.  They  can  be  coupled  up  *  for 
small  internal  resistance,* all  the  kathodes  together  and  all  the  anodes  together; 
or  *  for  E.M.F.,'  anode  to  kathode  and  so  on. 

The  hydrogen  in  the  one  tube  and  the  oxygen  in  the  other  tube  of  each 
tend  to  reunite ;  and  it  is  found  that  when  the  external  circuit  is  completed 
this  reunion  will  take  place  step  by  step  with  the  passage  of  a  current,  the 
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aclion  being  merely  the  moleculai  inlerchange,  explained  in  g  4,  reversed  in 
direction.  The  current  will  be  in  the  reverse  direction  to  that  by  which  the 
electrolysis  was  in  the  first  instance  effected. 

Here  each  cell  answers  to  a  Volta's  cell  in  which  the  line 
plate  has  been  replaced  by  hydrogen  in  contact  with  plallnutn; 
the  copper  plate  by  oxygen  in  contact  with  platinutn. 


■Notes. — (i.)  The  recombination  can  occur  only  when  the  circuit  is  closed; 
■  and,  further,  only  when  there  is  ^plalinuni  plate  that  is  in  conlacl  both  with 
the  gas  and  the  liquid.  This  action  of  the  platinum  will  be  familiar  to  those 
who  have  studied  elementary  chemistry. 

(ii.)  There  will  be  a  current  if  we  replace  the  platinum-oiygen  plate  by 


is  due  to  the  fact  that  there  is 


e  oxygen  d 


§  12,  Secondary,  or  'Storage,'  Cells. — Any  arrangement  by 
means  of  which  chemical- potential -energy  may  be  used  up  in 
such  a  manner  as  to  give  us  the  equivalent  energy  of  an  electric 
current  is  called  a  'battery-cell'  or  often  more  shortly  'a  cell' 
Where  the  cell  is  put  together  out  of  certain  materials  and  then 
does  not  require  the  passage  of  an  electric  current  before  it  is  fit 
for  use,  it  is  called  a  'primary-cell!  All  the  cells  described  in 
Chapter  XI.  §  n,  were  of  this  class. 

But  where  the  cell  requires  the  passage  of  a  current  before  it 
is  ready  for  use,  i.e.  where  the  chemical -potential -energy  is  the 
result  of  electrolysis,  in  such  cases  the  term  'secondary-cell'  or 
'r/oro^.!-^//,' is  employed.  Such  a  cell,  e^.,  is  the  Grove's  gas- cell 
The  latter  term  was  intended  to  imply  that  we  '  stored  up '  elec- 
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tricity  in  the  cell,  since  we  could  use  a  primary  current  to  effect 
the  original  electrolysis,  and  then  could  recover  a  current  after  a 
greater  or  less  interval  of  time.     So  understood,  the  term  is  a  mis- 
nomer.    We  use  up  some  of  the  electrical  energy  of  the  primary 
current,  and  get  equivalent  chemical- potential-energy  stored  up  in 
the  secondary-cell  ;  later,  when  we  complete  the  circuit  of  this 
cell,  we  lose  this  chemical-potential-energy  and  get  again  the  elec- 
trical energy  of  a  current.     But  we  did  not  store  up  electricity  ;  a 
condenser  does  this,  not  a  secondary-cell. 

Analogy, — We  might  use  up  some  wind-energy  to  turn  a  fan,  and 
this  might  wind  up  a  weight  from  a  lower  to  a  higher  level.  We  might, 
later  on,  let  the  weight  again  descend,  and  so  obtain  a  wind  driven  in 
the  reverse  direction  by  the  fan.  We  should  have  stored  up  mechanical- 
potential-energy^  not  wind. 

The  problem  of  inventing  a  good  secondary-cell  is  of  a  two- 
fold nature. 

(i.)  How  can  we  retain  a  large  amount  of  the  ions  in  contact 
with  the  electrodes,  ready  to  drive  a  reverse  current  ? 

(ii.)  How  can  we  prevent  action  occurring  while  the  cell  is 
lying  idle  with  open  circuit  ? 

In  our  next  two  sections  we  shall  describe  one  form  of  cell 
devised  to  satisfy  these  two  conditions. 

§  13.  Planters  Secondary-Cell. — In  the  original  form  of  Plantd's 
cell  there  are  initially  two  lead  plates  immersed  in  dilute  H2SO4. 

I.  Formation  of  the  cell, — A  somewhat  lengthy  process  is 
needed  in  the  first  instance  in  order  to  get  the  cell  ready  to  act 
as  a  battery. 

(i.)  A  current  is  passed  through  it ;  this  resulting  in  hydrogen 
being  given  off  at  the  kathode,  while  the  surface  of  the  anode  is 
oxidised  into  the  condition  of  Pb02. 

(ii.)  The  current  is  reversed,  and  is  continued  until  the  Pb02 
is  all  reduced  to  spongy  lead,  while  the  other  plate  is  in  its  turn 
per-oxidised. 

(iii.)  This  process  of  sending  currents  in  alternate  directions  is 
repeated  until  the  lead  has  been  acted  upon  to  some  depth. 
Thus,  the  plate  that  served  last  as  anode  is  left  coated  deeply  with 
Pb02,  that  which  served  last  as  kathode  is  deeply  coated  with 
spongy  lead.    This  process  is  called  ^Formation  of  thecelly  and  it 
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is  said  to  be  left  '  charged'  ;  this  is  represented  in  fig.  i.  Subst- 
quenl  chargings  will  need  only  a  single  ]»ssage  of  the  current. 

II.  Discharging  the  cdl. 

In  our  discussion  of  ihe  cell  we  will  at  present  consider  only  the 
degree  of  oxidisation  of  the  lead,  and  will  only  touch  on  the  pan 
played  by  the  dilute  acid.     It  is  clear  that  if  we  have  PbO,  the  form- 


alion  of  PbSO,  from  this  (PbO  + H,SO,-PbSO,  + H>0)  can  be  re- 
garded as  a  secondary  action,  and  has  no  direct  bearing  on  the 
electrolytical  theory  of  the  cell. 

If  we  connect  the  terminals  of  the  cell,  a  current  Is  set  up  in  a 
reverse  direction  to  the  current  that  was  last  passed  through  the 
cell  in  its  formation.  One  atom  of  oxygen  from  each  molecule  of 
PbOi  passes  back  to  the  other  plate,  giving  PbO  on  each  plate, 
instead  of  PbOj  on  the'  one  and  Pb  on  the  other.  This  aciion 
from  the  one  plate  across  the  liquid  to  the  other  plate  takes  place 
only  step  by  step  with  the  current ;  and  the  current  will  continue 
as  long  as  there  is  PbO^  left.  When  the  cell  has  'run  down,' 
each  plate  will  be  coated  with  PbO  {or,  by  action  with  the  dilute 
acid,  with  Pb.SO^,  which  is  equivalent  to  PbO  as  regards  degree 
of  oxidisation). 

III.  For  the  cell  to  be  recharged,  a  current  must  be  again 
passed  through  the  cell.  If  we  consider  that  there  is  PbO  on  both 
sides,  the  action  is  simple  ;  by  an  electrolytic  passage  of  H,  to 
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kathode,  and  of  O  to  the  anode,  we  get  again  Pb  on  the 
nner  and  Pb02  on  the  latter. 

If  there  be  Pb.S04  ^^  ^th  plates  we  may  represent  the 
aiction  as  follows.     [See  fig.  (iii.)] 

For  convenience  we  have  written  Pb.S04  4-H20  (there  is 
pfclenty  of  available  water  in  the  dilute  acid)  in  the  two  equivalent 
Torms  HaSO^.PbO  and  OPb.H2S04. 


I'Hso^  pbo'  Sir 

1  FittAaiiL  ui  ii9xil9 


0  H 


^v 


OH, 


•W^t€^- 


0    H 


L^ai  Sulphttt  \ 
'0   Pl»    H  SO^ 
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Fig.  ttL 

This  indicates  two  main  facts. 

(i.)  That  the  electrolytic  action  of  *  charging '  the  cells  is  the 
same,  whether  there  be  PbO  or  Pb.S04  o^  ^^^  two  plates  of  the 
exhausted  cell 

(ii.)  That  the  recharging  of  the  cell  is  practically  a  transfer- 
ence of  O  from  the  kathode  to  the  anode. 

IV.  Zoca/  action^  and  ivaste  of  energy^  dr'c. — It  may  naturally 
occur  to  the  reader  that  there  seems  no  reason  why  the  whole 
action  should  not  take  place  between  the  PbOj  and  the  lead 
plate  upon  which  it  rests,  instead  of  between  the  Pb02  and  the 
other  lead  plate  that  is  separated  from  it  by  the  dilute  acid ;  so 
that  after  a  short  period  of  lying  idle  with  open  circuit,  the  cell 
would  have  *  run  down '  and  be  useless. 

No  doubt  there  is  some  such  action  at  first.  But  it  seems 
that  the  insoluble  layer  of  PbS04,  which  is  thus  formed  between 
the  Pb02  and  the  lead  plate  on  which  it  rests,  hinders  further 
local  action ;  while  the.  surface  turned  towards  the  other  lead 
plate,  being  a  free  surface,  remains  always  more  open  and  porous. 
This  appears  to  be  a  very  important  part  played  by  the  insoluble 
PbSO,. 

As  regards  the  energy  wasted  in  the  charging  of  the  cell,  this 
will  be  more  fully  discussed  in  Chapter  XV.     We  will  here  only 
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remark  that  we  waste  more  energy  in  /teaf  when  the  back  E.M,F] 
of  the  secondary-cell  is  small  as  compared  with  that  of 
primary  battery,  or  when  the  charging  current  is  large. 

It  is  of  interest  to  remark  that  by  charging  cells  arranged 'ift| 
parallel,'  and  then  coupling  them  *  end-on,'  we  can  obtain  a  second- 
ary battery  of  as  great  an  E.M.F.  as  we  please  ;  one  that  could  | 
drive  a  current  back  through  the  primary  battery. 

§  14.  Faure's  Accumulator. — In  order  to  obviate  the  necessity 
for  the  lengthy  and  energy-wasting  process  of  ^formationl  Faure 
devised  the  following  important  modifications  in  Plantd's  cell 

The  two  lead  plates  were  coated  with  minium^  this  being 
Pb203,  or  PbO.Pb02.  One  passage  of  the  current  then  sufficed, 
by  the  electrolytic  setting  free  of  Ha  at  the  one  plate  and  of  0  at 
the  other,  to  convert  the  one  layer  into  spongy  lead,  and  the  other 
into  lead  peroxide. 

Since,  however,  PbaOj  requires  but  O  in  order  toper-oxidise  it, 
while  it  requires  3H2  to  reduce  it,  it  is  clear  that  we  must  have 
three  times  the  amount  of  minium  on  the  anode  (where  the  elec- 
trolytic oxygen  is  set  free)  as  on  the  kathode  (where  the  hydrogen 
is  set  free).  Thus  the  electrolysis  of  3H2O  will  reduce  PbjOa  on 
the  kathode,  and  will  per-oxidise  3(Pb203)  on  the  anode. 

In  all  other  respects  the  theory  of  the  *  Faur^s  accutnulator\ 
as  it  is  called,  is  the  same  as  that  of  the  Plantd's  cell.  The  ques- 
tion of  energy  will  be  discussed  more  fully  later  on. 
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CHAPTER  XIII. 


ohm's  law. 


§  I.  General  Ideas  as  to  the  Scope  of  Ohm's  Law. — Up  to 

the  present  point  we  have,  in  our  treatment  of  the  battery-ceil,  of 
tlie  current  driven  by  it  and  of  the  circuit  through  which  the 
cun*ent  flows,  used  terms  in  a  vague  and  quahtative,  rather  than 
in  an  exact  and  quantitative  sense. 

But  in  the  present  chapter  we  propose  to  discuss  at  some  length 
the  conditions  which  determine  the  magnitude  of  an  electric  cur- 
rent in  any  particular  case  ;  and  to  state  and  explain  the  law  which 
makes  the  calculation  of  the  current  a  matter  of  simple  arithmetic 
The  law  referred  to  is  that  known  as  Ohm^s  law  ;  it  was  enunciated 
by  Dr.  G.  S.  Ohm  in  the  year  1827.  This  law — which  must  be 
accepted  as  confirmed  by  countless  direct  and  indirect  experiments 
and  refuted  by  none — states  in  the  first  place  that  when  the  circuit 
of  a  cell  is  completed  we  are  concerned  with  three  quantities  only; 
and  in  the  second  place  that  these  three  quantities  are  connected 
by  a  very  simple  relation,  viz.,  that  given  in  §  2. 

These  three  quantities  are 

I.  Electromotive  force, — Each  battery-cell  possesses  a  certain 
power  of  driving  a  current,  which  is  directly  proportional  to,  and 
can  be  measured  by,  the  A  V  that  is  found  to  exist  between  the 
poles  when  the  circuit  is  broken.  Since  that  which  moves  matter 
is  called  force^  so  by  analogy  that  which  moves  *  electricity '  was 
called  *" electromotive  force,  ^ 

The  reader  must  remember  that  this  term  is  an  inexact  one,  as  the 
^electromotive  force'^  is  not  2i force  at  all  in  the  scientific  sense  defined 
in  Chapter  IL  §  4.  To  prevent  confusion  we  shall  henceforth  use  the 
letters  E.M.F.  instead ;  so  that  the  actual  "word,  force  will  never  be  used 
except  in  the  strict  sense  of  Chapter  II.  §  4. 


2C2  ELECTRICITY  cm.  %mj\ 

We  may  give  an  analogy  from  hydrostatics  to  make  the  relation 
between  E.M.F.  and  A  V  somewhat  clearer. 

Let  us  imagine  two  reservoirs,  the  levels  of  water  in  the  two' 
being  L,  and  Lj  respectively,  connected  by  a  pipe  filled  with  coarse 
sand. 

A  current  of  water  will  be  urged  through  the  pipe,  and  iw-| 
magnitude  will  depend,  cateris  paribus^  on  the  pressure  due  to  the' 
difference  of  level.    The  pressure  can  be  weasured  by  the  differenoe-'j 
of  level  (L|  —  L,) ;  we  might,  indeed,  if  our  system  of  units  is  suit- 
ably fixed,  say  that  the  pressure  *  is '  the  difference  of  level ;  this 
would  be  scientifically  inaccurate,  but — with  our  fixed  system  of 
units— would  lead  to  no  error  in  calculations. 

So  we  can  measure  the  E.M.F.  of  a  cell  by  the  A  V  that  appears 
at  the  poles  when  the  circuit  is  broken  ;  or  by  the  greatest  ^  V 
tliat  we  discover  between  two  points  in  the  circuit  when  the  cunent 
is  flowing.  And  we  may  sometimes,  somewhat  inaccurately  per- 
haps, use  A  V  as  synonymous  with  E.M.F. 

This  E.M.F.  of  a  cell  depends  solely  upon  the  nature  of  the  cell. 
As  we  include  the  coatings  of  gases  on  the  plates,  &c,  in  the  term 
*  nature  of  the  ceil,*  the  reader  will  see  that  we  have  taken  into 
account  the  phenomenon  of  *  Polarisation  '  {see  Chapter  XL  §  lo), 
which  diminishes  the  E.M.F.  of  the  cell  from  its  initial  value. 

However  large  a  current  be  flowing,  the  E.M.F.  remains 
unaltered  save  by  polarisation. 

IL  Resistance. — Somewhat  as,  in  the  hydrostatic  analog)'  given 
above,  the  pipe  will  offer  more  or  less  resistance  to  the  current  of 
water  according  to  its  length,  its  section,  and  the  closeness  with 
which  it  is  packed  with  gravel  or  sand,  so  a  conductor  in  the  elec- 
tric circuit  will  offer  more  or  less  resistance  according  to  its  length, 
section,  material,  and  temperature. 

Resistance  is  that  which  hinders  the  passage  of  a  current  and 
limits  its  magnitude  without  producing  any  tendency  to  a  back- 
current  ;  it  is  purely  passive. 

in.  Current. — This  term  has  been  explained  earlier.  It 
simply  means  quantity  of  electricity  passing  across  any  section  of  the 
circuit  in  one  second  of  time.  We  may  measure  this  quantity  as  in 
Chapter  V.  §  i  ;  but  in  dealing  with  electric  currents  another 
system  of  units  (explained  in  Chapters  XIV.  §  i,  and  XVIII. 
§§  3  and  4)  will  be  employed. 
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§  2.  r»ct  statement  of  Ohm*8  Law. — Let  A  £  be  a  con- 
ductor including  no  source  of  difference  of  potential.  And  let  there 
be  means  of  maintaining  the  points 
A  and  B  at  various  A  V.  j,  and  of 
measuring  these  A  V.x  by  electro- 
meter or  other  methods  ;  and  also 
cf  measuring  by  electrolysis  or 
galvanometer  methods  the  current 
that  then  flows  in  the  conductor 
AB. 

Then    the    experimental    law 
known  as  *  Ohm's  Law '  is  that 

*  So  long  as  the  conductor  A  B  remains  unaltered  in  temperature 
and  in  all  other  physical  respects^  the  current  flowing  in  it  is 
directly  proportional  to  the  difference  of  potential  maintained  be- 
tween  its  extremities  A  and  BJ 

We  may  in  symbols  express  this  by  saying  that 

C  oc  (V^-Vb). 

On  trying  how  the  current  varies  when  the  conductor  is 
varied,  the  A  V  between  the  extremities  being  maintained  con- 
stant, our  observations  lead  us  to  follow  the  hydrostatic  analogy 
and  to  say  that  the  conductor  *  offers  a  greater  or  less  resistance '  to 
the  current  according  to  the  dimensions,  material,  temperature,  &c. 

Symbolising  this  resistance  by  Rg,  we  define  RJ  by  the  relation 


K 

It  occurs  to  us  to  inquire  next  whether  *  Ohm's  Law '  applies 
to  the  entire  circuit,  including  both  connecting  wires  and  battery. 
The  difficulty  now  is  to  know  what  replaces  the  *  V^— Vg '  of  the 
experimental  law  given  above.  Let  E  represent  the  electrostatic 
AV  between  the  terminals  of  the  battery  when  the  circuit  is 
broken.  Let  B  and  r  represent  respectively  the  resistances  of 
battery  cell  and  of  connecting  wires  (see  §§  3  and  4,  and  Chapter 
XIV.)  Then  a  great  mass  of  evidence  has  convinced  investigators 
that  7vken  the  current  is  not  dense  enough  to  cause  polarisation  or 
other  alteration  in  the  battery^  we  may  state  that 

E 


C  = 


Br/' 
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And  if  tiiere  are  many  cells  in  the  circuit  we  have 


C  = 


Bi+Bj+Bj-f&c-fr 


where  the  E.M.F.S  are  to  be  reckoned  as  negative  if  they  opi 
the  resulting  current 

Abie,— li  is  in  fact  believed  that  Ohm's  law  always  holds,  but  that  if  the- 
current  is  too  den:>e  then  £  and  B  have  some  new  values  not  known  from  oiir 
previous  measurements. 

§  3.  Resistanee  fiirther  IMsenssed.— We  will  now  discuss 
further  the  nature  of  resistance,  and  the  physical  meaning  ci 
Ohm*s  law. 

Ohm*s  law  connects  the  three  quantities  C,  E,  and  R  ;  of  which, 
up  to  the  present  point,  only  the  two  quantities  C  and  E  have 
received  an  exact  meaning. 

We  might  therefore  be  inclined  to  think  that  the  law  simply 

defines  R  as  such  that  *  C  ^  ^  ; '  and  therefore  is  no  discovery  at 

R 

all,  but  a  mere  truism. 

If  this  were  the  case  the  law  would  be  of  little  use  to  us, 
since  R  might  not  be  a  fixed  property  of  the  conductor,  one  to  be 
found  once  for  all,  but  might  depend  upon  E,  so  that  the  law 
would  not  then  lend  itself  to  the  most  important  problem,  viz., 
that  of  determining  the  current  from  a  knowledge  of  the  E.M.F.S 
and  of  the  nature  and  dimensions  of  the  conductor. 

Thus  it  might  have  been  the  case  that  when  once  a  current 
was  started  with  a  certain  E.M.F.  E,  the  resistance  of  the  conductor 
was  once  for  all  broken  down  ;  so  that  an  E.M.F.  of  2E  with  the 
same  circuit  might  give  more  than  twice  the  current. 

But  direct  experiment  gives  us  two  important  results. 

(i.)  That  R  is  a  definite  quantity  for  each  conductor,  and  cap^ 
able  of  measurement  as  such.  Hence  we  can  predict  the  current 
which  any  given  E.M.F.  will  drive  through  any  given  conductor. 

(ii.)  That  R  depends  in  a  very  simple  way  on  the  length,  cross 
section,  temperature,  and  material  of  the  conductor. 

§  4.  The  Exact  Conditions  on  which  Eesistance  Depend8.~If 
the  resistance  of  such  bodies  as  wires  be  examined  experimentally, 
it  is  found  that  R  is  directly  proportional  to  the  length  /  of  the 
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•wire,  inversely  proportional  to  its  sectional  area  A,  and  depends 
also  on  its  *  specific  resistance '  r,  and  on  its  temperature. 

We  will  define  later  the  exact  meaning  of  *  specific  resistance,' 
and  we  will  for  the  present  omit  the  factor  expressing  the  depend- 
ence of  the  resistance  on  temperature.    Thus  we  may  state  that 

A 
Here  ^  is  a  constant  depending  on  the  unit  of  resistance  employed. 
The  nature  of  the  experimental  methods  of  proving  the  above 
is  indicated  in  what  follows. 

Experiments, — (i.)  External  resistance, — If  we  wish  to  examine  most 
simply  the  law  of  resistance  r  of  such  external  conductors  as  wires,  we  must 
get  rid  of  the  internal  resistance  B  of  the  battery  (see  §  2,  equation  (ii. )). 

We  can  practically  make  B  =  ^  by  employing,  instead  of  an  ordinary 
battery,  a  thermo-celL  This  can  be  constructed  of  metallic  bars  of  such  thick* 
ness  as  to  make  their  resistance  relatively  negligible ;  and  a  constant  £.  M.  F. 
can  be  insured  by  keeping  the  two  sets  of  junctions  at  two  fixed  temperatures 

[see  Chapter  XVI. ). 

E 
With  such  a  battery  the  formula  of  Ohm's  law  becomes  C  =  — . 

r 

We  can  measure  C  by  means  of  a  galvanometer,  as  will  be  explained  fully  in 

Chapter  XVII.     Then,  by  varying  the  length,  material,  and  cross  section  of 

the  wire,  we  are  led  to  the  result  that  r  =^  k  — i— . 

A 

It  is  to  be  noticed  that  this  result  proves  that  the  current  flows 
through  the  whole  body  of  a  wire  equally,  and  not  along  its  sur- 
face. Provided  that  the  temperature  of  the  wire  is  constant, 
it  makes  no  difference  whether  a  cross  section  of  {e^.)  i  sq, 
cm,  be  circular,  square,  or  of  the  form  of  a  flat  rectangle. 
Here  is  a  notable  difference  between  conductors  as  used  for 
electrostatic  purposes,  and  as  used  for  conveying  a  current,  re- 
spectively. 

(ii.)  Internal  resistance  of  a  battery, — ^The  internal  resistance  of  a  battery 
is  a  far  more  difficult  matter  to  investigate.  Indeed  the  conditions  are  so 
:omplex,  that  it  is  invariably  the  rule  Xjofind  experimentally  the  resistance  of 
I  cell  or  battery,  instead  of  to  calculate  it— as  we  do  in  the  case  of  a  wire — 
Tom  a  knowledge  of  the  materials  and  their  dimensions. 

But  still  it  is  possible  to  show  that  in  all  probability  the  same  general  laws 

lold ;  or  that  B  =  >&  .  -4--. 

A 

To  investigate  internal  resistance  we  get  rid  of  the  external  resistance  r  by 

employing  very  thick  copper  conductors,  of  no  appreciable  resistance,  outside 
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the  cell.     The  cell  itself  is  constructed  with  plates  of  various  sizes  (so  as  to  ^ 
A),  whose  distance  apart  can  be  altered  (so  as  to  vary  /).     The  same  gei 
results  are  found  to  hold  ;  though,  since  we  cannot  confine  the  current  to  i 
portion  of  the  liquid  which  lies  directly  between  the  opposed  plates,  we 
arrive  at  very  exact  results. 

It  is  important  to  note  that — 

(i.)  n  cells  in  series  offer  to  the  current  n  times  the  resistance  | 
of  one  cell,  since,  in  the  former,  the  length  /  of  liquid  traversedisi 
n  times  that  in  the  latter. 

(ii.)  If  n  cells  be  coupled  zincs  to  zincs  and  coppers  to  coppers, 
or  '  in  parallel,*  we  practically  make  one  large  cell  of  plates  n  times 
the  area  of  those  of  one  cell.     Hence  the  area  A  of  the  column  of 

liquid  traversed  is  increased  «-fold  ;  and  the  resistance  is  -th  of 


n 


that  of  one  cell,  and  —  of  that  offered  by  n  cells  in  series. 


n^ 


§  5.  Conductivity.— Since  C  =  E.  \  we  may  call  ^  by  the 

name  *  conductivity,'  and  say  that  the  current  is  directly  propor- 
tional to  the  conductivity,  instead  of  inversely  proportional  to  the 
resistance,  of  the  circuit. 

In  §  9,  fig.  iii.,  we  represent  two  points  A  and  B  in  a  circuit 
joined  by  several  wires  of  resistances  r^,  r^,  /-g,  ^4  .  .  .  respectively. 

We  may  call  their  conductivities  c^^  c^^  c-^^  and  ^4  .  .  .  re- 
spectively ;  where  c^  =     ,  &c. 

Now  it  is  possible  to  replace  these  wires  by  one  wire  of  resist- 
ance R',  such  that  the  current  is  unaltered.     When  this  is  the 

case  we  call  R'  the  equivalent  resistance  \  and  if  ^'  =  -  - ,  then  c 

R 

will  be  the  equivalent  conductivity. 

Now  it  hardly  seems  to  require  proof  that 

^  =  ^1  +  ^2  +  ^3  +  ^4  + 

If  we  admit  this,  then  it  follows  that 

R'       r,       ^2       r^      ^4 

which  enables  us  to  determine  that  resistance  which  is  eguiraicnt 
to,  and  might  replace,  the  many  branches. 
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Note, — In  case  the  above  statement  seem  rather  Mikely'  than  convincing, 
£  here  give  a  proof. 
Let  Va  be  the  potential  of  A,  Vb  that  of  B  ;  so  that  Va  —  Vb,  which  we 

ft,y  write  as  £^«  is  the  E.M.F.  between  A  and  B. 
Let  C  be  the  total  current  passing,  and  let  C„  C^,  C„  &c.,  be  the  portions 
C  that  traverse  r„  rj,  r„  &c.,  respectively. 
Then  by  Ohm's  law  we  have 

c  «:=^-c  «  ^  •  &c 

WTience  C,  r,  =.  C^  r^  =  C,  r,  «  &c.  -  E  g» 

or^'  =^=:^«&c.  =  eI 
I        I        ji_  " 

By  ordinary  algebra,  each  of  these  terms 

_  C.  -f-  Q  -f-  C,  -f-  &c. 

_L  +  J.+JL+&c'. 

r,       rj       r. 

But  €,+€2  +  03  +  &c.  =  C,  since  the  latter  is  the  total  current. 

Hence  Eb 


I         I.I        s 


But  if  R' be  i\it equivalent resistaticey  then  C  =  -=-7- ;  or  Eg  =  — • 

iv  I 


K 


1/ 


Whence  ^  =  — +  —  +  —  +  &c.  ; 
R'     r,      r^      r. 


or  the  {equivalent  conductivity)  =  {sum  of  the  several  conductivities), 

§  6.  Application  of  Ohm's  Law  in  a  Simple  Case.— Suppose 
that  we  have  a  battery  of  n  cells,  and  wish  to  know  the  best  way 
of  coupling  them  up  in  the  two  extreme  cases  of 

(i.)  Practically  zero  internal  resistance. 

(ii.)  Practically  zero  external  resistance. 

Let  B  be  the  resistance  of  each  cell,  r  the  external  resistance, 
E  the  E.M.F.  of  each  cell,  and  C  the  current.  (Read  again  §  4, 
end.) 

(I.)  Let  By  and  even  n  B,  be  negligible  as  compared  with  r, 

(i.)  The  current  from  a  single  cell  will  be 

Co  =  g-^-=?  (approx.). 
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(ii.)  The  current  from  the  n  cells  in  paralki  {see  §  4)  will  be  .| 
Ci  =  j^ = -^  =  Co  (approx.). 

n 

(iii.)  The  current  from  the  n  cells  in  series  {see  §  4)  will  be 

^2  =  -g  ^-  =  ""—  ^n  Co  (approx.). 

Hence  we  see  that  with  arrangement  (ii.)  we  have  no  advantage 
over  a  single  cell ;  while  with  arrangement  (iii.)  we  get  n  times  the 
current  that  we  get  with  a  single  cell. 

(II.)  Let  r  be  negligible  with  respect  to  B^  and  even  with  resped 

to  ^-B. 
n 

(i.)  With  a  single  cell 

Co=  g-^=:  I  (approx.). 

(ii.)  With  n  cells  in  parallel 

1  =  g ~  B  ^  B~  "^  ^      ®  (approx.). 

n                n 
(iii.)  With  n  cells  in  series 

^'  =  TTETTr  =  «-B  =  B  =  ^^  ("PP'"°^>- 

The  reader  should  compare  this  result  with  that  in  (I.),  and 
should  try  to  understand  the  physical  meaning  of  these  results ;  it 
is  not  enough  to  follow  merely  the  algebraic  reasoning. 

Experiments, — The  figure  represents  diagrammatically  three  Leclanch^  cells 
whose  +  poles  are  connected  with  three  mercury  cups,  +(i),  +(2),  and  +(3)} 
respectively,  the  —  poles  being  connected  with  the  mercury  cups  —  ( i ),  —  (2), 
and  -  (3),  respectively.  By  means  of  thick  copper  pieces  we  can  connect  these 
cells  either  in  parallel  or  in  series. 

By  means  of  other  mercury  cups,  and  of  other  thick  copper  pieces,  we  can 
throw  into  the  circuit  of  one  or  more  cells  the  resistance -box  r  {see  Chapter 
XIV.),  and  the  galvanometer  G.  This  latter  may  either  be  a  common  tangent 
galvanometer  of  no  appreciable  resistance,  suitable  for  measurements  of  large 
currents ;  or  may  be  a  more  delicate  instrument  by  means  of  which  .much 
smaller  currents  may  be  measured  {see  Chapter  XVII.). 

The  mercury  cups  and  thick  copper  pieces  give  us  connections  of  practically 
zero  resistance. 
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3  the  circuit  a  veiy  large  external  tesiatance  r  of  (say) 
in  our  more  sensitive  galvanometer,  as  the 


(i.)  Let  us  put. 
300  ohms  ;  and  Ie 
Eient  will  be  small. 
We  can  then,  by  coupling  up  Our  three  cells  in  the  different  ways  indicated 

(I.)  above,  verify  ihe  results  there  deduced  from  Ohm's  taw. 


(ii.)  Next  we  may  re 
»anome(er  of  practically 

The  results  of  (II.)  above  may  thus  be  verified. 

§  7.  GrapMo  Sepreuntatioii  of  Olmi'a  Law. — By  a  graphic 
method,  familiar  to  tliose  who  are  acquainted  with  the  elements 
of  co-ordinate  geometry,  and  capable  of  being  understood  also  by 
those  of  less  mathematical  knowledge,  we  may  represent  to  the 
eye  in  one  view  (i.)  the  difference  of  potential  between  two  points 
A  and  B  in  a  circuit ;  (il.)  the 
ttsistance  between  A  and  B ; 
(iii,)  the  current  which  flows 
tiiroogh  this  resistance  on 
account  of  this  difference  of 
Mtential. 

Let  distances  measured 
;long  the  line  O  r  represent 
ly  their  length  the  magni- 
iide  of  the  resistances.  If 
he  wire  be  uniform,  then 
qual  lengths  of  wire  will  be  represented  by  equal  lengths  along 
)  r.  If  the  conductor  be  not  uniform,  this  will  not  be  the  case. 
L  mfetre  of  a  very  thick  good  conductor  may  be  practically  a 


A 

M i-^a 

OP  9 
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point  on  our  resistance-line  O  r,  while  a  millimetre  of  bad  c{Mh| 
ductor  may  be  represented  by  a  considerable  length  on  0  r. 

Let  distances  along  O  v^  drawn  at  right  angles  to  0  r,  repifr] 
sent  potentials.  If  the  reader  will  bear  in  mind  that  we  are  con- 
cerned only  with  differences  of  potential^  he  will  see  that  it  does  not  1 
matter  what  potential  we  choose  as  our  zero-potential,  Le,  as  the' 
potential  of  our  starting-point  or  *  origin '  O.  We  can,  in  fact,  take 
the  point  O  to  represent  any  fixed  point  in  the  circuit  thatve 
choose,  and  can  measure  off  the  potentials  of  other  points  as  so 
much  above  or  below  the  potential  of  this  point  taken  as  our 
arbitrary  zero  ;  this  will  make  no  difference  in  the  magnitude  of 
the  Hne  representing  the  d  V  of  two  points  in  the  circuit. 

Thus  if  A  and  B  represent  two  points  in  the  circuit,  and  if 
lines  A  P  and  B  Q  be  drawn  perpendicular  to  O  r,  and  if  B  M  be 
drawn  parallel  to  O  r,  then  the  line  A  P  represents  by  its  magni- 
tude the  potential  of  the  point  A  above  our  arbitrary  zero,  the  line 
B Q  that  of  the  point  B,  and  AM  the  A V  between  A  and  B ; 
while  O  P  and  O  Q  represent  the  resistances  between  our  starting- 
point  and  the  points  A  and  B  respectively,  and  P  Q  represents  the 

resistance  between  A  and  B. 

E  ^ 
Now  Ohm's  law  gives  us  that  C  =-^J  (see  §  2  (iil) ) ;  whence 

AM 
C  =  p->|>  i^  we   have   drawn    our  figure   to   proper  scale ;  or 

C  =  >^ .  T>-rr>  where  k  is  some  constant,  if  we  have  taken  our  scale 

AM 

of  drawing  at  random.     Let  us  suppose  that  C  =  =— ^. 

But  if  ^  be  the  angle  that  the  line  A  B  makes  with  the  axis 
O/',  we  have  —       =:  tan  <^  ;  whence  we  have 

C  =  tan  <^. 

Thus  the  *  slope  '  of  the  line  A  B,  as  measured  by  tan  <^,  in- 
dicates to  us  the  current  strength.  Of  course,  since  the  current  C 
is  the  same  throughout  the  circuit,  the  line  A  B  has  the  same  slope 
whatever  points  in  this  circuit  A  and  B  may  be.  If  we  take  in  the 
whole  circuit  we  have 

,          ordinate  representing  total  E.M.F.  in  circuit 
tan  A  =    - — ; i : — 2 , ; . — ._ 

abscissa  representmg  total  resistance  in  circuit 
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is  last  result,  if  known,  obviously  enables  us  to  find  the  position 
the  point  A  in  the  diagram  when  we  know  that  of  B,  and  when 
know  also  the  resistance  Q  P  between  B  and  A ;  just  as  we  can 

^^i^braically  find  the  potential  of  A  when  we  know  the  potential 
*Of  B,  the  resistance  between  A  and  B,  and  the  current  flowing  in 

tJie  circuit  {see  §  ii). 

§  8.  Applications  of  the  Graphic  Heihod. 

We  can  thus  represent  to  the  eye  each  result  arrived  at  algebraic- 
^y  from  Ohm's  law.  We  will  indicate  in  a  few  cases  how  this  may 
-l)e  done. 

(i)  Referring  to  §  6  (I.).  To  represent  case  (i.)  the  reader  should 
mark  off  from  Ova  distance  O  A  representing  the  E.M.F.  of  one  cell ; 
and  from  O  r  a  distance  O  a  representing  the  external  resistance  r, 
B  being  negligible.  The  current  is  then  represented  by  tan  ^q,  where 
^0  is  the  angle  which  A  a  makes  with  O  r. 

To  represent  case  (ii.)  we  do  not  (appreciably)  alter  the  resistance 
O  a^  and  the  E,M,F,  O  A  is  unaltered.  We  have,  therefore,  the  same 
line  A  a  making  an  angle  ^i  -  <^^\  so  that  the  current  is  unaltered. 

In  case  (iii.)  the  resistance  O  « is  practically  unaltered,  but  we  mark 
off  on  O  2/ a  distance  O  N  =  «  x  O  A,  and  we  join  N  a.  This  line  N  a 
makes  with  O  r  an  angle  02  such  that  tan  (^^  =  « .  tan  ^q,  or  the  current 
is  n  times  greater  than  in  case  (i.). 

(2)  The  reader  can  easily  represent  the  three  cases  of  (II.). 

(3)  It  will  be  a  useful  exercise  for  the  reader  to  draw  the  rises  and 
falls  of  potential  through  a  circuit  in  which  there  are  abrupt  changes 
at  different  points  (due,  let  us  suppose,  to  contacts  of  different  metals 
at  those  points),  as  well  as  a  general  fall  following  Ohm's  law.  The 
method  will  be  as  follows.  From  a  knowledge  of  the  total  E.M.F.  and 
the  total  resistance  in  the  circuit  we  can  find  C,  or  can  find  tatt  (f) ; 
thus  we  know  the  slope  of  the  line  between  points  separated  by 
homogeneous  conductors.  The  abrupt  changes  of  potential  must 
be  given.  It  is  easy  then  to  trace  the  slope  of,  and  abrupt  rises 
and  falls  of,  potential  from  any  point  in  the  circuit  round  to  that  point 
again. 

(4)  NoU, — For  ordinary  purposes  it  is  sufficient  to  mark  off  from  O  v  sl 
length  representing  the  total  algebraic  sum  of  the  E.M.F.s  in  the  circuit,  as 
if  this  E.M.F.  were  an  abrupt  rise  of  potential  occurring  at  one  point  in  the 
circuit  and  nowhere  else.  The  slope  {i.e.  tan  ^)  of  the  line  is  not  affected 
by  this  convenient  assumption. 

§  9.  Siyided  Circuits. — We  will  now  discuss  more  full/ than  in 

§  5  the  case  of  a  divided  circuit     The   notation  employed  is 

r  2 
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sufficiently  explained  by  the  diagrams  and  by  what  has  prece 
in  §  5.     (Read  §  5  again.)     We  will  take  several  cases. 


I.  Two  equal  branches, — Here  we  have   for  the  equivalent] 
resistance 


R'  =  :^. 


K' 


^  r^^  V* 


Hence,  if  R  be  the  resistance  in  the  rest  of  the  circuit  and  in 

the  battery  together,  and  if  E  be  the  E.M.F.  \ 

of  the  battery,  we  have 

E 


Total  current  C  = 


R'  -h  R* 


And  since  Eb  =  Cir=  €2^,  it  follows 

C 

that  Ci  =  Cq  =  —  ;  as  is  otherwise  evi- 
dent. 

II.   N  equal  branches, — Here  in  a 
similar  manner  we  can  show  that    .    .   • 


C  =       ^       •  R'  =  r. 
^      R'  +  R  '  «' 


Ci  =  C2  =  C3  =  &c.  = 


n 


III.  Two  unequal  branches, — Here  we  have 


R'       r,  ^  r^' 

orR'  =  -^i^i-   . 
^i  +  r^i 


Also,    C=   — 

'  R'  -h  R 


(i-) 


.     ^    .    .  (ii.) 


And  since  Eg  =  Ciri  =  C^r^^  =  CR',  we 
get  the  results  that 


(iii.) 


:.  xnr. 


OHMS  LAW 


213 


'      r      - 


_r'      ."T'  ^-   •   •   <'^-> 

^2  ^1    +  ^2 

IV.  N  unequal  branches, — In  this  most  general  case  we  have 


,  =  —  +  —  +  .     .     .  &:c.  +  — 


R 


1 


/« 


or, 


(i) 


n 


Y     ^"2  ''a  •  •  •  ''«  +  r,  /'a  .  .  .  r„  +  &C., 


^nd  by  a  similar  reasoning  to  above  we 
Cnd  that 

^  —  R'  4-  R ^^*' 

Ci  =  ^'  C 

c.,=^  c 

.     .    .     .     (ill.) 

•         •        •        • 

Fig.  iii. 


Example  in  divided  circuits, — *  Two  wires,  A  D  B  and  A  E  C  B,  of  uniform 
^section,  &c.,  and  of  equal  resistance,  connect  the  points  A  and  B.   A  third  wire, 
AFC,  of  equal  resistance,  connects  the  point  A  with  the  middle  point  C  of 
one  wire.     When  a  current  flows 
from  A  to  B,  find  what  fraction  of 
it  passes  through  the  wire  AFC* 
In  the  figure  we  represent  the 
arrangement     intended,    and    we 
have    called     the    resistances    of 
ADB  and  AFC  each   I,  while 
those  of  AKC  and   of  CB  are 


Fic.  iv. 


each  -.      We  will  first  find  the  equivalent  resistance  of  the  paths  from  A 

through  C  to  B,  and  so  find  the  fraction  of  the  current  that  passes  through 
ADB;  and  next  we  will  find  what  fraction  of  the  remainder  takes  the  route 

AFC.    Now  the  resistance  of  A  D  B  « I,  or  ^.     And  the  equivalent  resistance 

6 
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R'  between  A  and  C  is  given  by  _.  =  -  +  i  =  3 ;  whence  R'  =   .    Hence  the 

^  ^  W     ^     I     ^  3 

total  resistapce  of  the  route  by  C  is  -  +    =  ?.   Therefore  the  resistances  by  the 

326 

routes  D  and  C  are  in  the  ratio  of  6  :  5  respectively.      Therefore  -^  of  the 
current  passes  by  D,  and  —  passes  from  A  through  C. 

Again, this    -  t^-ill  be  distributed  between  the  branches  A  EC  and  AFC 

in  the  inverse  ratio  of  their  resistances ;  that  is,  in  the  direct  ratio  of  2 :  i. 

16  2 

Hence  -  of  —  will  pass  by  the  route  AFC;  or  the  answer  required  is     . 
3       II  ^11 

§  la  'Shunts.' — The  case  o(  tufo  unequal  branches  has  a  very 
important  application.     It  is  often  necessary  (i.)  to  protect  a  sen- 
sitive galvanometer  against  a  strong  current  by  allowing  only  a  part 
of  the  current  to  pass  through  the  galvanometer,  and  yet  (il)  to 
measure  the  current.     This  is  done  by  connecting  the  terminals 
of  the  galvanometer  by  a  wire  of  greater  or  less  resistance,  and 
thus  leaving  a  greater  or  smaller  fraction  of  the  current  to  pass 
through  the  galvanometer.     If  this  fraction  be  known,  and  its  mag- 
nitude be  measured,  we  can  easily  calculate  the  total  current.   We 
shall  see,  however,  that  the  introduction  of  this  *  short  cut,'  or 
^  shunt ^  has  the  effect  of  increasing  the  total  current  by  decreasing 
the  total  resistance  ;  and  hence  the  fraction  measured  is  a  certain 
fraction  of  the  neiv  total  current,  not  of  the  original  current.     Let 
R  be  the  resistance  of  the  battery  and  rest  of  the  circuit  combined; 
let  G  be  the  resistance  of  the  galvanometer  which  here  takes  the 
l)lace  of  r,  in  §  9,  case  (III.) ;  let  S  be  the  resistance  of  the  shunt 
which  here  takes  the  place  of  r^ ;  and  let  R'  be  the  equivalent  re- 
sistance of  G  and  S.     This  R'  is  of  course  less  than  either  G  or  S. 
Let  C  be  the  total  current ;  Cq  the  current  passing  through  the 
galvanometer  ;  and  Cg  the  current  through  the  shunt.     Let  Co  be 
the  original  current  passing  before  the  shunt  was  used.     Then  we 
have 

p  ^    _E      .  C  =       ^       .    ^  =  ^  J-  I  . 
°      G  4-  R  '  R'  -f  R  '  R'      G      S  ' 

We  will  now  proceed  to  consider  several  points. 
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(i.)  If  we  wish  to  allow  — th,  — th,  -i-th,  &c.,  of  the  total 

10       100       1000 

Current  to  pass  through  the  galvanometer,  then  ^  -  -5  must  be     , 

Lj  +  o  10 

c*      c^       c^ 

-— — ,  or  — —  respectively ;  or  S  must  be  -  ,  — ,    — ,   &c.,  re- 
^00        1000  ,  9     99    999 

^pectively. 

In  general,  if  S  =  — ? —  .  G,  then  will  'thof  C  pass  through 

n  —  I  n 

the  galvanometer.  V^ 

(ii.)  If  G  be  negligiBle  as  compared  with  R,  then  will  C  =  Co, 
whatever  shunt  we  use.  This  follows  from  the  above  formulae, 
since  we  there  may  neglect  G,  and  therefore  a  fortiori  may  neglect 
R',  which  is  less  than  G. 

(iii.)  IfG,  and  -  G,  be  so  great  thatR  may  be  neglected^  then  we 

n 

find  C  =  «  Co ;  and  as  a  consequence  we  should  have  passing 

through  the  galvanometer  a  current  =  _ C  =  -./iCo  =  Co;  thus 

n  n 

exposing  the  galvanometer  to  a  current  as  strong  as  the  whole 
original  current. 

By  having  in  the  circuit  an  adjustable  resistance,  we  can  intro- 
duce a  compensating  resistance  r,  and  so  maintain  C  equal  to  Cq. 

Note, — To  keep  C  =  Co,  we  must  have  the  total  resistance  of  circuit  the  same ; 

C  S 
or  the  compensating  resistance  r  must  be  such  that  G  +  R  =  j^ — =-  +  R  +  r ; 

or  r=G-^?^  =  -^.     Thus  if  S  =  -JL  G,soastogiveCo  =  l .  C,  we  have 
G+SG+S  »— I  n 

~    G.     In  this  case  C©  =  C  ;  and  Cq—  -  C©,  as  was  desired. 


r= 


n  n 


§11.  Fall  of  Potential  throngh  the  Cironit. — The  following 
view  of  a  circuit,  a  view  indicated  by  the  figure  to  Chapter  XI.  §  7, 
is  convenient,  and,  though  not  accurate  in  detail,  it  can  for  general 
purposes  be  substituted  for  a  more  accurate  view,  and  can  lead 
to  no  error  in  such  considerations  as  follow. 

In  the  figure  referred  to,  it  is  supposed  that  in  the  cell  the 
E.M.F.  occurs  as  an  abrupt  rise  in  potential ;  in  fact,  that  the 
energy  of  the  cell  is  spent  in,  as  it  were,  pumping  the  electricity 
straight  up  from  the  lower  to  the  higher  level   Thus,  the  line  C  Z 
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represents,   in  the  graphic  method,  the  total  E,M.F,  E  of  t^^' 
circuit   The  potential  falls  round  the  circuit  from  the  higher  to 
lower  level  again  ;  the  total  fall  being  £. 

Ohm's  law,  as  expressed  by  the  formulae  given  in  §  2,  me 
that  this  fall  proceeds  proportionally  to  the  resistance.   Hence,  if 
be  the  resistance  of  any  portion  of  the  circuit,  and  if  R  be  the  toti 
resistance  of  the  whole  circuit,  then  the  fall  of  potential  between 

the  beginning  and  end  of  R'  will  be  ^n-.E.     We  deduce  the 

Xv 

following. 

{a)  In  the  case  of  negligible  external  resistance  the  whole  fall 
of  potential  will  (approx.)  take  place  in  the  cell  itself.  We  find 
(approx.)  no  AV  between  the  beginning  and  the  end  of  the  external 
circuit ;  or  the  poles  of  the  battery  will  have  (approx.)  the  same 
potential. 

(b)  In  the  case  of  negligible  internal  resistance  the  whole  fall 
of  potential  will  (approx.)  take  place  externally  to  the  cell.  We 
shall  find  (approx.)  between  the  beginning  and  the  end  of  the 
external  circuit  a  AV  equal  to  the  whole  E.M.F.  of  the  battery; 
or  the  poles  of  the  battery  will  have  (approx.)  the  same  AV  as 
if  the  circuit  were  broken. 

{c)  Where  internal  resistance  equals  external,  we  shall  have  the 
fall  of  potential  equally  divided.     The  poles  of  the  battery  will 

exhibit  a  AV  equal  to  -  E. 

2 

(d)  Where  there  is  a  multiple  arc  between  tw^o  pKDints  A  and 
B,  and  we  wish  to  find  the  AV  E^  between  A  and  B,  we  have 
merely  to  calculate  the  equivalent  resistance  R'.     We  then  have 

T-A     R/ £ 

°  ~"  Total  resistance  * 

Note.—rA\\  the  above  cases  are  readily  exhibited  graphically  {see  §  7). 

§  12.  Kirchhoff's  Two  Laws.— By  a  careful  application  of 
Ohm's  law,  and  of  the  principle  that  when  the  V  of  a  paint  is 
constant  there  must  be  as  much  electricity  flo2ving  away  from  it  as 
fiotvs  to  it  in  each  second^  it  is  possible  to  investigate  the  distribu- 
tion of  current  and  potential  in  very  complicated  cases;  cases 
where  we  have  any  number  of  cells  connected  by  a  net-work  of 
conductors  in  any  way  whatever. 
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Kirchhoff  has  enunciated  in  the  form  of  two  *  Laws'  the 
iciples  that  must  guide  us  in  such  an  investigation. 
Law  /. — If  any  number  of  conductors  meet  at  a  point,  and  if 
currents  flowing  to  the  point  be  considered  -h,  and  ail  currents 
ring  from  the  point  be  considered  — ,  and  if  the  condition  of 
lings  be  steady,  or  the  potential  at  the  point  be  not  altering,  then 

^M^ algebraic  sum  of  the  currents  meeting  at  the  point  must  be  zero. 

C> 

2 .  C  =  o. 

Law  11. — Let  us  suppose  there  to  be  such  a  net-work  of  con- 
^Suctors  as  that  imagined  above ;  there  being  cells  of  various 
B£.M.F.s,  and  turned  various  ways,  in  this  net-work. 

If  we  imagine  ourselves  to  start  from  any  point  in  this  net- work 
^andto  make  a  circuit  through  the  conductors  back  to  ourstarting- 
|x)int,  we  shall  have  passed  through  conductors  of  various  resist- 
smces,  shall  have  passed  through  various  cells  whose  E.M.F.s  are 
directed  so  as  to  drive  a  current  against  or  with  us.  and  shall  have 
found  various  currents,  some  with  us  and  some  against  us. 

As  long  as  we  are  passing  along  a  single  conductor  ri,  to 
which  there  are  no  outlets,  the  current  has  some  fixed  value  C|  ; 
but  on  passing  a  point  where  two  or  more  conductors  meet  we 
may  find  a  different  current  C2,  which  will  remain  constant  over 
the  next  piece  of  resistance  r^^  up  to  the  next  place  where  two  or 
more  branches  meet.  We  can  thus  divide  our  circuit  into  por- 
tions of  resistances  r,,  r^  ra,  &c.,  respectively  ;  along  each  of 
which  will  be  a  current  Ci,  Cj,  C3,  &c.,  respectively.  If  we  call 
these  currents  -I-  or  — ,  according  as  they  flow  with  us  or  against  us 
respectively  ;  and  if  we  call  the  E.M.F.s  that  we  encounter  -h  or 
'—  according  as  they  tend  to  drive  a  current  with  us  or  against  us 
respectively  ;  then  it  can  be  shown,  by  successive  applications  of 
Ohm's  law  to  these  difierent  portions  of  our  circuit,  that  in  the 
complete  circuit  we  must  have 

Ci  n  -h  C2  ^-2  +  C3  ^3  +  .  .  .  =  ^  +  tf'  -h  ^''  +  .  .  . 

where  ^,  e\  &c.,  are  the  various  E.M.F.s  that  we  pass  ;  attention 
being  paid  to  signs  both  of  the  C .  s  and  of  the  e .  j. 

These  E.M.F.s  ^,  e\  e'\  may  occur  in  any  way  in  the  circuit, 
and  do  not  necessarily  (or  indeed  usually)  occur  in  the  pieces  of 
circuit  ri,  r^,  &c.,  respectively. 
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This  law  is  usually  expressed  thus. 

*  In  any  complete  circuity  2i .  C  ^  =  2 .  ^.' 

Proof  of  Kirchhoff  s  second  law, — We  will  here  indicate  the  manner 
in  which  Kirchhoff 's  second  law  may  be  proved.  The  figure  repre- 
sents part  of  a  net-work  of  conductors,  in  which  are  introduced  any 

number  of  battery -cells,  e^y  e^^  e^  &c. 
Between  any  two  consecutive  junctions, 
as  A  and  B,  the  current  has  some  con- 
stant value  Cab  \  ^i^d  between  B  and 
the  next  junction  C  there  will  be  a  con- 
stant  current  Cbc>  which  will  in  general 
be  different  from  Cab- 

The  total  resistance  of  conductor  and 
cells  between  A  and  B  is  represented 

by  Tab. 

The  symbols  ^p  e^,  &c.,  represent  the 
numerical  values  of  the  various  E.M.F^ 
and  we  will  suppose  the  signs  of  these  E.M.F.S  to  be  also  included 
in  these  symbols. 

The  potentials  of  the  points  A,  B,  C,  &c.,  will  be  represented  by 
Va,  Vb,  &c.     Then,  by  successive  applications  of  Ohm's  law,  we  ha^'C 


Cab  '<  ^AB  -  Va  -  Vb  +  e^. 

Cbc  '^  ^BC    =  Vb  -  Vc. 

CcD  X  ^cD   =  Vc  -  Vd  +  e... 

j  Cde  X  ^DE  =  Vd  -  Ve. 

"\  Cef  X  ^EF    =  Ve  -  Vp  +  ^3  +  e^. 

Cfg  ^  ^FG    =  Vf  -  Vg. 

Cqh  X  ^GH  =  Vg  -  V„  +  ^-  +  e,, 

Cha  X  ^HA  -  Vh  -  Va  +  ^^  +  ^j, 

Whence,  by  addition,  we  have 

2.CR  «  2.^. 

+  f.. 


These  two  laws  may  be  applied  in  any  complicated  system  o( 
E.M.F.S  and  of  conductors,  in  such  a  way  as  to  determine  the  currents 
in  all  the  branches,  giving  us  always  n  independent  equations  to  deter- 
mine n  unknowns. 

As  a  simple  illustration  we  may  take  the  case  of  fig.  iii.  §  9,  where 
there  is  but  one  E.M.F.  E.  Let  us  suppose  that  E,  R,  rj,  r^,  &c.,  are 
known,  and  that  it  is  required  to  find  C,  C„  Co,  &c. 

Applying  Law  I.  to  the  point  A  (or  B)  we  have 


Ci  +  Ca  +  C3  +  C4 


(i-) 


n^ 
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Applying  Law  IL  successively  to  the  circuits  R  A  r^  B  R,  A  r,  B  r.  A, 
rj  B  Tj  A,  A  r^  B  r^  A,  we  get  the  equations 

-s  .  .                                            C   R  +  Cj  rj  «  E (ii.) 

^ -J                                            Cir, -C2r2  =  0 (iii.) 

^    ■                                           C,ri  -  €3^3  =  O (iv.) 

C^r^  -  Qr^  =  0 (v.) 

These  are  five  independent  equations,  and  will  enable  us  to  deter- 
''CiBine  the  five  unknown  currents. 

"*'  -    However,  the  method  employed  in  §  9  was  in  this  case  simpler  to 
^SHirsue. 

§  13.  Haxunum  Curr^ttrwiih  a  given  Battery.— If  we  have 
^  battery  of  n  cells,  each  of  E.M,K  E,  and  of  internal  resistance 
X,  it  is  of  great  importance  to  arrange  them  so  as  to  drive  the 
^rgest  possible  current  through  a  given  external  resistance  r. 

If  n  has  factors  m  and  /,  we  may  couple  the  cells  so  as  to 
have  m  in   series  and  /  parallel.      We  thus  get  a  battery  of 

E.M.F.  =  w  E,  and  of  internal  resistance  =  —r-.   The  current 

obtained  will  be 

P  _     ni  E 

If  we  investigate  either  algebraically,  or  by  means  of  the 
calculus,  the  arrangement  that  will  give  a  maximum  value  of  C, 

we  find  that  this  occurs  when 

///  r» 

7  ^^"^^ 

Or,  we  obtain  the  maximum  current  with  a  given  battery  when  it  is 
so  arranged  as  to  make  the  internal  resistance  as  nearly  as  possible 
equal  to  the  external  resistance,     (For  proof,  see  note.) 

It  is  therefore  convenient  to  have  a  battery  in  which  the  num- 
ber of  cells  is  a  number  having  several  pairs  of  factors. 

Example, — "We  will  here  assume  current,  E.M.F.,  and  resistance  to  be 
expressed  in  the  units,  amptres^  volts^  and  ohms  respectively ;  these  are  units 
which  will  be  spoken  of  later. 

Let  us  have  »  =  24,  £  ">  2  volts^  B  =  2  ohms^  and  r  =  3  ohms. 

Then  we  have  the  following  arrangements  possible. 

(i. )  24  cells  end-on, 

u       ^  24  y  2         48      16        , » 

Here  C,  =  --— =  ^    =  -    amperes, 

24x2  +  3      51       17 
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(ii.)  12  ceils  end-on,  2,  paraliel, 

u^^o  r           12x2  24         8       ^. 

Here  C«  =  _  =  _i   «   _  amfihes, 

2 

(iii.)  8  rf//f  end-on,  -^parallel. 

Here  C,  -  .-?-^  ^      -  I^  =  48  ^^^^^^^ 

«x2  +  3       ^5      ^^ 
3  3 

(iv.)  6  f^//f  end-on,  ^parallel. 

Here  C^  =  J"  ""  ^      =  ^^  «  2  amphrs. 
o  o 

-  x2  +  3 

4 
(v. )  4  ff //f  end-on,  6  parallel. 

Here  C,  =      ^^  2      ^   8  ^  24  ^^,^^v«. 

4x2  +  3        ?^      '^ 
6^3 


It  is  needless  to  continue,  for  it  is  clear  that  (iv. )  gives  us  the  greatest 
current.  And  case  (iv. )  is  that  in  which  the  internal  resistance  of  the  battery 
is  3  ohms,  or  equals  the  external  resistance.  Of  course  we  cannot  in  general 
so  subdivide  our  battery  as  to  make  the  equality  exact. 

In  such  extreme  cases  as  those  of  §  6  we  approximate  most 
nearly  when  the  internal  resistance  is  made  as  great  as  possible  in 
case  (I.),  and  as  small  as  possible  in  case  (II.)- 

Note. — Proof  of  the  above  rule. — Let  the  number  of  cells  be  n,  and  let 

m  E 

n  =■  ml.     \Ve  have  C  =  .     This  may  be  written  also  in  the  fonn.    . 

m  B 

— +  r 

^o  ^      w-  /-  E-'         n"-  E- ^  ;/2E2 

(;;/  li  +  /r)-      (;y/  B -/;)-  +  4  w  / r  B*        (w  B  -  /r)--t-  4«rB' 

Hence  C  is  greatest  when  the  denominator  is  least,  since  we  cannot  alter 
the  value  of  the  numerator  by  varying  the  arrangement. 

This  will  be  the  case  when  the  term  (;;/  B  —  /r)-,  which  must  be  positive, 

disappears  ;  and  this  again  will  be  the  case  when  m  B  =  /r,  or  when  r  =  VL^^ 
But  r  is  the  external,  and  —      is  the  internal,  resistance  ;  hence  our  theorem 

if 

is  proved. 
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CHAPTER  XIV. 

MEASUREMENT  OF   RESISTANCES  AND   OF   E.M.F.3. 

§  I.  Preliminary,  on  the  Units  Employed. — In  Chapter  V:  we 
explained  the  unit  of  quantity  of  electricity  that  is  employed  in 
electrostatics  ;  and  in  Chapter  X.  we  explained  the  unit  employed 
in  measuring  differences  of  potential.     Both  these  were  based 
upon  the  absolute  C.G.S.  system  of  units,  and  started  from  the 
electrostatic  repulsion  between  two  very  small  charged  spheres. 
We  might  buildijpon  these  two  units  a  further  system  of  derived 
units  for  asrremox  quantity  per  second^  E.M.F,^  resistance^  &c.     But 
sucii  a  system  would  only  have  a  theoretical  interest,  and  would 
not  be  the  most  convenient  system  to  employ  in  dealing  with 
currents  and  with  the  phenomena  accompanying  currents  ;  for  in 
considering  these  phenomena  we  are  rarely  concerned  with  electro- 
static actions. 

The  most  important  class  of  phenomena,  accompanying  elec- 
tric currents^  are  the  magnetic  actions  of  a  current.  Hence,  in 
*  current  electricity  *  we  employ  a  system  of  units,  based  on  the 
C.G.S.  system,  and  starting  from  the  action  of  a  current  on  a 
magnetic  pole. 

This  system  will  be  fully  explained  in  Chapter  XVII.  Here  we 
will  merely  remark  that  the  absolute  units  of  E.M.F.  and  of  R  in 
this  system  are  so  small  that  they  are  inconvenient  for  practical 

purposes;    We  therefore  use  generally 

(i.)  As  unit  of  E,M,F,,  the  volt.  This  is  almost  exacdy  the 
E.M.F.  of  a  cell  consisting  of  a  Cu  and  a  Zn  plate  immersed  in  a 
solution  of  ZnS04.  This  unit  is  100,000,000  (or  10®)  times  the 
absolute  unit  of  E.M.F.  In  somewhat  the  same  way  we  use  a 
kilonihtre^  instead  of  the  centimetre,  in  large  measurements  of 
length. 

(ii.)  As  unit  of  resistance^  the  ohm.     This  is  the  resistance  of 


222  ELECTRICITY  CH.  xit. 

a  column  of  mercury  at  o**  C.  of  i  sq.  mm.  section  and  nearly 
105  cm.  in  length.  It  is  1,000,000,000  (or  10^)  times  the  absolute 
unit     The  ohm  is  usually  designated  by  the  symbol  oi. 

Note, — The  ohm  here  given  (called  the  *  B.  A '  ohm)  is  now  found  to  be  a 
little  too  small ;  t.^.  it  is  not  quite  10^  times  the  absolute  unit. 

(iii)  As  unit  of  current^  the  ampere.     This  is  the  current  given 

by  I  volt  E.M.F.  when  the  total  resistance  is  i  ohm.     From  Ohm's 

10^ 
law  it  is  clear  that  the  ampere  must  be  — i,  or  iVrth,  the  absolute 

10' 
unit  of  current.     We  have  then,  generally, 

volts 


Amperes  = 


ohms 


§  2.  Besistanee  Coils,  and  Kenstanee  Boxes. — In  electrical 
measurements  we  need,  as  standards  of  reference,  resistances  of 
known  magnitude ;  just  as  in  chemical  investigations  we  need  to 
use  *  weights '  of  known  magnitude.  We  must  therefore  have  at 
our  disposal  convenient  multiples  and  sub-multiples  of  the  ohnu 
Now  a  column  of  mercury  is  obviously  a  very  unmanageable  unit; 
whereas  coils  of  wire  are  very  convenient,  and  should  be  durable 
also,  if  carefully  made  While,  therefore,  we  can  keep  our  mercury 
column  as  the  unit  to  which  to  refer,  we  can  for  purposes  of  use 
make  copies  of  it  in  wire.  Coils  are  made  some  having  i  ohm 
resistance,  others  having  2,  3,  4  ...  10  ...  50  ,.  .  100  .  . 
1,000,  &c.,  ohms  resistance,  and  such  standards  of  resistance  are 
very  durable  and  occupy  but  little  space. 

For  the  making  of  coils  we  choose  some  wire  which  fulfils  as 
far  as  possible  the  following  conditions :  (i.)  it  should  not  corrode; 
(ii.)  its  resistance  should  not  alter  with  time  or  with  a  moderate 
amount  of  bending  ;  (iii.)  it  should  not  alter  much  with  tempera- 
ture ;  (iv.)  it  should  not  be  too  expensive.  The  wire  which  is  best 
for  the  purpose  is  an  alloy  of  copper,  zinc,  and  nickel ;  or  of  silver 
and  platinum. 

The  alteration  with  time^  &c.,  can  only  be  checked  by  periodic 
testing.  As  to  temperature^  either  the  coils  are  arranged  so  that 
they  can  be  immersed  in  water  at  some  standard  temperature,  or 
there  may  be  used  a  *  correction  formula  '  which  will  approximately 
allow  for  the  rise  in  resistance  with  rise  in  temperature. 

The  wire  is  covered  with  an  insulating  material,  and  is  wound 
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"^i*!!^  a  particular  way,  so  as  to  obviate  as  far  as  possible  induction 

-  ^''¥«fiects;  the  wire  being  doubled  on  itself  before  winding,  so  tha: 

all  through  the  coil  there  are  equal  currents  in  opposite  directions 

-'  ,*y'ng    side    by    side       When 

,   ■'Wound  it  is  soaked  in  melted 

■J    paraffin  wax.    Resistance  coils 

;  a  '*re  usually  arranged  in  resist 

i-    *ina  boxes,  in  such  a  way  that 

*    *ecan  readily  throw  into  the 

<3rcuit  any  number   of  ohms 

<iesired. 

The    first  figure  indicates 
diagrammatical ly  the  arrange 
i      -inent  in  a  resistance  box      Into 
brass  piece   I  T       This  is  noi 
portions  connected  by  the 
ca.T  be  filled  up  by  well  fitti 
plugs  are  in  their  places,  there 


thick  brass  conductor  of  practically  no 


the  circuit  we  introduce  the  thick 
divided  into 
coils  The  gaps,  however, 
brass  plugs,  and  when  all  these 
betneen  T  and  T'  a 


The  removal 


of  any  plug  throws  into  the  circuit  that  resistance  coil  which  in 
the  figure  lies  below  that  plug.  Hence,  by  a  suitable  removal  of 
plugs  we  can  throw  into  the  circuit  any  resistance  that  is  con- 
tained in  the  box. 

The  figure  indicates  that  the  coils  arc  so  wound  as  to  obviate 
errors  due  to  induction  {set  Chapter  XXL). 
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§  3.  WliOTtftoiie'i  Rheortat— We  will  now  n 
ment  intended  for  the  measurement  of  resistances  c 
the  resistance  box  above  described  being  evidently  discontinuouil 

Note. — We  may  here  lemark  that  on  account  of  eertain  defects  of  co 
&c.,  that  appear  to  be  inherent  in  the  very  nature  of  a  Wheatstone's  rbeoM^H 
this  instrument  cannot  be  used  in  any  but  very  rough  measurements. 

Its  chief  use  is  as  a  continuously  adjustable  resistance,  in  cases  wbeit^i 
not  desired  to  laiasure  the  resistance  thus  btroduced. 


A  and  B  are  two  parallel  cylinders,  A  being  of  brass  and  B  cfl 
wood.     A  fine  uniform  wire  can  be  wound  from  Ac 

via  mrsd.  The  wire  that  ill 
on  A  is  in  good  contact  viA  I 
the  brass  of  A,  and  thus  foimi  | 
one  conductor  with  the  cylin- 
der. The  wire  that  is  on  B 
is  wound  in  a  spiral  groove  I 
cut  in  the  wood,  and  is  thus 
insulated.  In  the  fi^re  the 
wire  is  represented  as  pardy 
on  that  portion  of  B  wlUch  is 
nearest  to  the  spectator,  and 
partly  on  the  further  ponion 
of  A.  One  end  of  the  win 
is  attached  to  a  brass  ring  01 
B,  this  brass  ring  being  in  connection  with  the  terminal  e  by 
means  of  a  brass  spring  that  presses  against  it.  The  other  end  of 
the  wire  is  attached  to  the  far  end  of  the  brass  cylinder  A,  and 
then  is  in  connection,  by  means  of  the  cylinder  itself  and  a  spring 
that  presses  against  it,  with  the  other  terminal  n.  By  turning  the 
handle  d  we  can  wind  more  or  less  of  the  wire  on  to  the  cylinder 
B  where  it  is  insulated,  and  so  throw  more  or  less  of  it  into  the 
circuit.  That  portion  of  the  wire  which  is  on  A  gives  no  appre- 
ciable resistance,  being  then  practically  part  of  a  very  thick  brass 
conductor. 

By  noticing  against  what  mark  on  the  graduated  scale  (seen  in 
the  figure  between  the  two  cylinders)  the  wire  stands,  we  can  read 
off  the  integral  number  of  turns  of  the  handle  d,  the  fractions  of 
one  turn  being  read  from  a  graduated  circle  round  which  the 
handle  d  turns. 


Fig.  ii. 
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^!^;  We  can  use  this  instrument  in  two  main  ways, 

I.  Method  of  substitution,— In  the  figure,  R  is  the  rheostat ; 
m'  are  two  mercury  cups  between  which  either  the  unknown 

Resistance  x.  or   a    thick 
^Copper  piece  of  no  resist- 
a^nce,    can    be    inserted ; 
9nd  G  is  a  galvanometer 

We  first  measure  the 
deflexion  a  when  x  is  in 
"the  circuit.  We  then  re- 
place ^  by  a  thick  copper 
piece,  and  wind  in  a 
measured  length  of  rheostat  wire  of  resistance  /  until  we  have  the 
same  deflexion  a  as  before. 

Then,  if  the  E.M.F.  E  has  remained  constant,  we  can  easily 
show  by  Ohm's  law  that 

►r  =  /. 

II.  Method  of  comparison  of  deflexions, — Here  we  use  a 
measuring  galvanometer ;  e.g.  a  tangent  galvanometer  in  which, 
if  a  be  the  angle  of  deflexion,  the  current-strength  C  is  given  by 
the  relation  C  =  ^  .  tan  «,  where  k  is  some  constant.  Let  E  be 
the  E.M.F.  of  the  battery,  x  the  unknown  resistance,  R  the  resist- 
ance of  rest  of  the  circuit 

Let  o,  be  the  deflexion  when  x  is  not  in  the  circuit.     Then    . 

E 
Ci=^.tana,.     Also  Ci  =    . 

Whence     R  =  -    .  cotoj (i.) 

Now  introduce  the  resistance  x^  and  let  the  new  deflexion 
be  a  2- 

Then     R  -f  ^  =     .  cot  aj      .     .     .     .     (ii.) 

Next  remove  x^  and  introduce  some  measured  resistance  /, 
and  let  the  new  deflexion  be  a^.    Then  we  have 

R  4- /=,  .  cotttg (iii.) 

By  subtracting  fi.)  from  (ii.)and  from  (iii.)  tespec\.\Nd'^\  ^tAVs^ 
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dividing  the  one  result  by  the  other,  we  finally  eliminate  both  R. 
and  ~ ;  the  final  result  being 

X cot  Oj  —  cot  Oj 

/         cot  uj  —  cot  u/ 

which  gives  us  x  in  terms  of  known  quantities. 

Both  the  above  methods  assume  that  E  is  constant.  Now  E 
varies  with  time,  rendering  method  (I.)  inaccurate ;  and  in  method 
(II.)  E  varies  not  only  with  time,  but  with  the  strength  of  the 
current  flowing. 

The  Wheatstone' s  bridge  method,  next  to  be  described,  is  free 
fi-om  the  above  and  other  objections. 

§  4.  Wheat8tone*s  Bridge,  General  Principle. — Fig.  L  repre- 
sents diagrammatically  the  principle  of  Wheatstone's  bridge 


llG.  i 


Fig.  ii. 

Let  the  current  from  A  to  C  divide  into  two  branches  ABC 
and  A  B'  C  ;  and  let  the  resistance  A  B  be  measured  by  r,  B  C  by 
f",  A  B'  by  s,  and  B'  C  by  s' , 

Then  A  is  at  one  potential  V^,  and  C  at  a  lower  potential  Vc ; 
and  along  both  branches  the  potential  falls  from  V^  to  Vc  propor- 
tionally with  the  resistance.  If  {r  +  r^)  be  great  as  compared 
with  (i  +  /),  then  the  fall  through  A  B  C  is  gradual  as  compared 
with  the  'steeper'  fall  through  AB'C.     But  whatever  proportion 
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r-  -h  r')  bear  to  (s  +  ^),  there  will  be  on  the  branch  A  B'  C  points 
>£  the  same  potentials  as  those  of  any  points  on  ABC  re- 
pectively. 

Now  if  we  connect  two  points  B  and  B'  by  a  *  bridge '  B  G  B' 
containing  a  galvanometer  G,  then  according  as  we  see  indicated 
1  current  from  B  to  B',  no  current,  or  a  current  from  B'  to  B,  we 
shall  conclude  that  B  is  above  B'  in  potential,  B  and  B'  are  at  the 
»ame  potential,  or  B'  is  above  B  in  potential,  respectively. 

The  case  of  no  current  through  G  is  the  most  important ;  in 
this  case  B  and  B'  must  be  at  the  same  potential. 

Now  in  fig.  ii.  M  P  represents  the  potential  V^ ;  and  we 
have  taken  Vc  as  our  zero  potential,  so  that  the  point  C  is  repre- 
sented by  O  or  by  O'.  The  fall  of  potential  down  the  one  circuit 
is  given  by  the  line  PQO,  the  fall  down  the  other  circuit  by 
P  Q'  O.  The  points  Q  and  Q'  represent  B  and  B'  respectively  ; 
^hen  these  latter  are  at  the  same  potential,  as  proved  by  the 
Jibsence  of  current  in  G.  The  rest  of  the  figure  is  clear  after 
^hat  we  have  said  in  Chapter  XIII.  §  7. 

Then  when  B  and  B'  are  at  the  same  potential,  or  when 
Q  N  =  Q'  N',  we  have,  by  Euclid,  Book  VI 

r+r       MP'  s  +  s'       MP  ' 

r'  s' 


and  therefore 


r+r'      JH-^ 


Hence  one  of  the  resistances  is  determined  by  the  other  three. 

Algebraic  proof  of  the  same, — We  will  now  use  a  notation  that  will  be 
readily  understood  with  reference  to  fig.  i.  of  §  4,  the  notation  being  similar 
to  that  employed  in  Chapter  XIII.  §§  9  and  10. 

Since  there  is  no  current  through  G,  we  have  C^  =  C^- ;  and  C,  =  C^. 

Applying  Kirchhoff' s  second  law  to  the  circuit  A  B  G  B'  A,  we  have     .    . 

Cr  .  r  —  Cj  .  J  =  tf ;  or  C^ .  r  =  Cj .  J. 

Applying  the  same  law  to  the  circuit  B  C  B'  G  B,  and  remembering  that 
Cr  «  Cr**  and  C,  =  Cj*,  we  have  also  in  like  manner 

Whence  we  readily  obtain  the  result  that 

r  _5 
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It  is  clear  that  this  formula  remains  true,  however  the  EM 
of  the  battery  may  alter.  In  this  fact  lies  the  main  superior, 
of  this  method,  over  the  previous  methods,  of  measuring  i 
sistance. 

§  5.  Slide-form  of  Wheatrtotte'f  Bridge.— The  figure  her 
given  represents  roughly  the  simplest  and  least  expensive  fonu  c 
Wheatstone's  bridge. 

On  a  board  are  fixed  three  bands,  A,  B,  and  C,  of  stout  coppei 
the  pieces  A  and  C  being  elbow-shaped. 

Between  A  and  B,  and  B  and  C,  are  gaps  ;  and  here  can  be 
inserted,  most  conveniently  by  means  of  mercury  cups,  any  resist- 
ances we  please, 

The  other  ends  of  the  pieces  A  and  C  are  joined  by  a  thin 
uniform  wire  of  high  specific  resistance;  and  parallel  to  this  runs 
a  scale  that  shouM 
have  its  initial  and 
final  points  exactly  op' 
posite  the  points  whtre 
the  wire  is  soldered 
to  the  thick  copper 
pieces.  This  scale  i; 
graduated  to  read  both 
ways;  and,  on  the  sup- 
position that  the  wire  is 
of  uniform  resistance, 
and  that  the  scale  corresponds  properly  to  the  beginning  and  end 
of  the  wire,  we  can  read  off  the  ratio  of  the  two  resistances  s 
and  s'  into  which  any  point  such  as  B'  divides  the  wire. 

Over  the  wire  slides  a  spring  key  B';  by  pressing  the  button  of 
this  key  we  make  contact  with  the  wire  by  means  of  a  metallic 
edge  or  fine  wire.  The  point  where  contact  is  thus  made  should 
be  exactly  opposite  to  the  point  on  the  scale  at  which  the  httle 
index  carried  by  the  key  is  then  pointing.  The  'bridge'  B  GB' 
connects  the  piece  B  and  the  key  B' ;  the  battery  terminals  are 
connected  wiih  A  and  C. 

Referring  to  fig.  i.  of  §  4,  we  see  that  we  have  complete  cor- 
Tcsponaence;  only  ih& points  A,  B,  and  C  of  that  figure  have  been 
replaced  by  the  metal  pieces  A,  B,  and  C,  which  are,  Irom  a  resist 
ance  point  of  view,  equivalent  to  points.     Further,  we  see  that 
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\  the  point  B'  is  moveable,  so  that  we  can  make  the  ratio  s :  s' 
anything  that  we  please. 

In  using  the  instrument  we  insert  our  unknown  resistance  at 
f,  and  a  resistance  box  at  r'.  We  then  adjust  the  position  of  the 
key  B'  until  the  making  of  contact  with  the  wire  at  B'  gives  no 
cun^nt  through  the  galvanometer  in  the  bridge. 

When  this  is  the  case,  B  and  B'  must  be  at  the  same 
potential;  and  we  then  have 


^    ^ 

''=?•" 


which  determines  r. 


Note. — There  is  often  some  want  of  exact  correspondence  between  the  ends 
of  the  scale  and  the  ends  of  the  wire.  Such  a  defect  produces  less  error  in  the 
result  if  we  have  s  and  /  not  very  unequal.  We  can  contrive  this  by  having 
a  resistance  box  at  /^,  and  by  removing  the  plugs  {i.e,  by  throwing  in  resist- 
ance)  until  we  get  our  zero  deflexion  of  G  when  B'  is  not  far  from  the  centre 
of  the  wire  ;  in  other  words  we  make  t^  not  very  unequal  to  r. 

y  §  6.  Wheatstone's  Bridge ;  Besistance  Box  Form.—The 
above  described  instrument  is  liable  to  error.  The  wire,  by  much 
use,  loses  its  uniformity;  so  that  equal  lengths  no  longer  correspond 
to  equal  resistances.  Moreover,  there  is,  even  in  the  best  instru- 
ments, some  uncertainty  as  to  the  exact  correspondence  between 
the  point  of  contact  B'  and  the  point  on  the  scale  against  which 
the  index  rests.  (This  second  defect  can,  however,  be  elimi- 
nated) In  the  instrument  used  for  technical  purposes  B'  is  fixed, 
and  5  and  s'  are  resistance  boxes  containing  coils  of  {e.g,)  i,  lo, 
IOC,  and  i,ooo  ohms.  For  the  known  resistance  r'  we  have  another 
resistance  box.     We  can  thus,  by  means  of  the  two  boxes  s  and  j', 

measure  from  th  to  i,ooo  times  any  resistance  in  the  box  r'  \ 

lOOO 

this  is  simply  a  matter  of  removing  the  suitable  plugs.     We  can 
thus  with  certainty  measure  to th  of  i  ohm,  which  is  better 

I  GOO 

than  measuring  to  smaller  fractions  with  uncertainty. 

§  7.  Besistance  of  a  Oalvanometer. — This  can  be  measured 
as  any  other  resistance  ;  but  a  very  simple  method  is  as  follows. 

Sir  Wm,  Thomson's  method. — Here  we  put  the  galvanometer 
G,  whose  resistance  is  required,  in  the  place  of  one  of  the  resist- 
ances r ;  and,  in  the  place  of  the  bridge  with  its  galvanometer,  we 
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have  a  key  K,  by  means  of  which  we  can  make  or  break  coa^!^ 

nection  between  B  and  B'  at  wih. 

The  galvanometer  G  will  have  a  deflexion  due  to  the  currert 

through  A  B  ;  the  battery  power  and  resistance  in  the  externd 

circuit  A  P  C  must  be  so 
adjusted  as  to  give  a  reason- 
able deflexion  of  G. 

We   adjust    the  resist- 
ances s  and  s'  until  the 
making  of  contact  with  the 
key  K. produces  no  alter- 
ation in  the  deflexion  of 
G.     When  this  is  the  case, 
it  can  be  proved  that  no 
current  then  flows  through 
the   bridge ;    and   that  as 
before, 

G  =  —  .  r',  where  G  is  the  galvanometer  resistance. 


\\ 


^^^^ 


■r 


§  8.  Besistance  of  a  Battery-Cell. — ^The  measurement  of  the 
resistance  of  a  battery-cell  is  not  at  all  a  simple  matter. 

For  whereas  in  the  above  measurements  we  had  only  one  con- 
stant unknown,  viz.  the  constant  resistance  x  that  we  desired  to 
measure,  in  the  case  of  the  battery-cell  we  have  two  unknowns, 
one  of  which  is  variable  from  moment  to  moment ;  we  have,  in 
fact,  the  resistance  Xy  and  also  the  E.M.F.^y,  which,  owing  to  \aiy- 
ing  degrees  of  polarisation,  is  not  constant. 

We  here  give  two  methods  for  measuring  x, 

I.  T/ie  E.M.F.  reduced  to  zero, — If  we  have  any  even  number 
2  VI  of  similar  cells,  and  if  we  set  tn  against  w,  the  total  E.M.F. 
will  be  zero.  When  the  current,  employed  in  measuring  the 
resistance,  passes  through  these  2  m  cells,  the  polarisation  pro- 
duced should  still  be  zero  in  total  amount.  With  cells  thus 
matched  in  against  w,  we  can  measure  the  resistance  of  the  whole 
2  ffi  cells  as  a  *  dead '  resistance  ;  that  of  one  cell  is  found  by 
dividing  by  2  w. 

Against  this  method  it  may  be  stated  that,  as  a  rule,  we  require 
the  resistance  of  the  cell  or  battery  as  it  is  at  any  given  time ;  and 
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^e  cannot  generally  provide  another  cell  or  battery,  equal  to  this 
in  E.M.F.,  to  oppose  to  it. 

We  may  call  this  method  the  *  Method  of  opposition.^ 
II.  Mance's  method. — Let  us  arrange  a  Wheatstone*s  bridge  as 
in  §  5,  but  with  the  cell  or  battery,  whose  resistance  is  to  be  de- 
termined,  in    the    place  of 
the  resistance  r,  and  with  a 
simple    contact  key  in  the 
place  of  the   usual  battery. 
The  cell  at  r  will  drive  a 
current ;    and    no    arrange- 
ment of  resistances  can  pre- 
vent there  being  a  current 
through  the  bridge  and  the 
galvanometer    G.       Hence, 
G  will  be  deflected. 

It  can  be  shown  that  if  the  resistances  be  so  adjusted  that  G 
maintains  the  same  deflexion  whether  the  key  K  be  opened  or 
closed,  then  we  have  the  old  relation 


The  proof  is  not  very- simple.  By  application  of  KirchhofTs 
laws  we  obtain  equations  by  means  of  which  the  Unknowns  can  be 
determined.  The  current  through  G  will  be  found  to  involve  the 
external  resistance  of  A  K  C  in  such  a  way  that  it  is  only  independent 

of  it  when  —  =  —.     Whence  it  follows  that,  if  this  current  is  the 
r      s 

same  whether  the  key  is  open  (giving  an  infinite  resistance)  or  closed 

(giving  a  finite  resistance),  this  relation  must  hold. 

(For  further  discussion  of  this  method  see  *  Phil.  Mag.,'  Series  V., 
Vol.  3, 1877,  Professor  O.  J,  Lodge  ;  and  also  in  Glazebrook  and  Shaw's 
*  Practical  Physics.') 


§  9.  MeasTireineiit  of  E.K.7. — Let  us  take  our  standard  cell, 
whose  E.M.F.  we  suppose  (for  simplicity)  to  be  just  i  vo/ty  and 
let  us  measure  the  AV  between  its  terminals  when  the  circuit  is 
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open  {see  Chapter  X.  §  34).  Let  us  measure  in  the  same  absolutely- 
potential  measure  the  A V  between  the  terminals  of  any  other  cell 
or  battery,  the  circuit  being  open.  Using  the  AV  of  the  standard 
cell  as  unit,  we  thus  can  express  the  AV  of  the  latter  in  volts.  We 
thus  get  a  clear  idea  of  what  is  the  initial  E.M.F.  of  any  battery, f 
expressed  in  volts.  But  when  the  circuit  is  closed,  polarisation 
sets  in  ;  and  we  find  that  the  same  cell  has  a  different  E.M.F.  for 
each  strength  of  current  passing  through  it. 

'The  E.M.F.  of  a  cell'  is,  therefore,  a  term  whose  meaning  is 
undefined  unless  it  be  stated  what  current  is  running.  As  a  rule, 
therefore,  the  initial  E.M,F,^  or  the  AV  between  the  poles  of 
the  open  cell,  is  given  ;  and  it  is  then  stated  with  more  or  less 
exactness  to  what  extent  this  falls  off  with  currents  of  various 
magnitude. 

The  E.M.F.  when  the  current  is  zero^  or  the  statical  AV  (ex- 
pressed in  volts)  between  the  poles  of  the  open  circuit,  is  therefore 
what  we  record  as  *  the  E.M.F.  of  a  cell.' 

To  find  the  E.M.F.  with  any  given  current  is  a  very  difficult 
matter.  For,  if  we  try  to  determine  the  E.M.F.  and  the  internal 
resistance  of  a  battery  by  means  of  two  equations  derived  from 
Ohm's  law,  we  must  use  two  different  currents  ;  and  in  this  case 
neither  the  E.M.F.  nor  the  resistance  of  the  battery  will  be  the 
same  in  the  two  equations. 

§  10.  Electrometer  Methods;  Opeii  Circuit. — (i.)  If  we  have 
an  absolute  quadrant  electrometer  we  can  measure  the  E.M.F.  of 
the  open  cell  by  measuring  the  AV  between  its  poles.  Dividing 
this  absolute  value  by  that  obtained  for  i  volt,  we  express  the 
E.M.F.  of  the  open  circuit  in  volts, 

(li.)  If  we  have  an  ungraduated  electrometer  we  may  proceed 
as  follows.  We  take  m  of  our  cells,  and  n  standard  cells,  arranged 
end-on.  We  put  one  terminal  (say  the  —  terminal)  of  each 
battery  to  earth  ;  and  connect  the  +  terminals  of  each  battery 
with  one  pair  of  quadrants  respectively. 

We  arrange  m  and  n  until  either  we  have  no  deflexion,  or 
until  with  n  standard  cells  we  get  the  deflexion  of  the  electrometer 
needle  one  way,  and  with  «  +  i  cells  we  get  the  deflexion  the 
other  way. 

Then,  if  e  be  the  E.M.F.  of  the  cell  required,  and  if  e^  be 
that  of  the  standard  cell,  we  have 
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her  €-=■  —  e'o, 

m 

e  lies  between  —  e^  and  —  —  Cr. :  thus  obtaining  a  measure- 

;//  m 

)  within— th  of  e^. 
m 

I.  Volt-meter  Oalvanometers. — Let  us  suppose  that  we  have 
nts  A  and  B  in  a  circuit ;  and  that  it  is  required  to  measure 

in  volts  between  them,  or  the  E,M.R  E^.    We  have  above 

sd  the  electrostatic  method  of  doing  this.  A  current 
I  is  also  possible.  For  if  we  have  a  galvanometer  G  of  a 
gh  resistance  as  compared  with  the  resistance  between  A 
the  current  that  passes  through  G  when  its  terminals  are 
ted  with  A  and  B  will  be,  by  Ohm's  law,  directly  propor- 

0  Eg ;  and  at  the  same  time,  owing  to  the  relatively  very 
sistance  of  G,  the  A  V  E^  will  not  be  appreciably  aliercd 

necting  the  points  through  G.     Thus 

If  we  connect  the  terminals  of  an  open  cell  through  G,  we 
appreciably  alter  the  E.M.F.  of  the  open  cell,  the  resistance 
iing  relatively  so  great  (see  Chapter  XIII.  §  11  (If)). 

If  we  connect  G  with  two  points  in  the  circuit,  we  do  not, 
Dducing  a  branch  circuit  of  so  high  a  resistance,  practically 
e  A  V  between  A  and  B. 

nee,  if  we  have  a  galvanometer  of  a  high  known  resist- 
,  and  which  measures  currents  accurately,  we  can  from  it 

the  AV  between  the  points  A  and  B  with  which  its 

lis  are  in  contact,  by  means  of  the  equation  C  =  _  ^» ;  and 

G 

1  be  practically  the  same  AV  as  existed  before  we  made 
:ion  with  the  galvanometer. 

W.  Thomson's  graded  volt-meter  galvanometer  is  such  an 

lent. 

Chapter  XVII.  we  shall  give  some  detailed  description  of 

shall  indicate  how  it  can  be  used  to  measure  both  large 

all  E.M.F.s.     Here  we  shall  say  little  more  about  it 


m  the  formula  C  =  fl.  the  instrument  can  be  experiment- 
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ally  or  theoretically  graduated,  so  that  we  can  read  off  at  ' 
volts  the  AV    E   between  the  terminals  A  and  B  of  the 

B 

ment,  answering  to  any  particular  current  C. 

§  12.  Kethod  of  Opposition.— Here,  as  in  §  lo,  we  ha 
current ;  but  we  use  a  galvanometer  instead  of  an  electr 

If  m  of  the  cells,  whose  E.M.F.  we  require,  be  oppos( 
standard  cells,  and  if  m  and  n  be  so  adjusted  as  to  give  if 
zero-deflexion  of  a  galvanometer  in  the  circuit,  then,  as 

we  can  measure  to  within  — th  of  the  E.M.F.  of  a  single  i 

m 

cell 

§  13.  Latimer-Clark*s  Potentiometer.— In  this  instrui 
method  of  opposition  is  employed. 

P  is  a  battery ;  R  is  a  VVheatstone's  rheostat ;  A  B  is  a 
graduated  wire  of  high  resistance,  fixed  between  two  ter 
and  B  ;  ^o  is  a  standard  cell ;  ^  is  a  cell  of  a  smaller  E.l 
we  desire  to  measure ;  G  and  G'  are  delicate  galvanor 
indicate  when  there  are  zero  currents.  Contact  keys  are  r 
sented. 

Note. — As  an  example  we  may  state  that  in  a  certain  instrume 
A  6  has  a  resistance  of  about  53  ohms.  It  is  about  53  metres  Ic 
coiled  in  a  screw-groove  cut  round  an  ebonite  cylinder. 

Now  the  total  fall  of  V  due  to  the  battery  P  will  be  d 
between  the  portions  A  R  B  and  A  Q  B  of  the  circuit,  ace 

their  respective  re 
Hence,  by  manipu 
we  can  arrange  th< 
tween  A  and  B  unti 
the  E.M.F.  ^o  of  the 
cell ;   this  will  be 

by  the  fact  that  whe: 

then    ho    current 
through  G,   since 
equal  and  opposite 
are  opposed.     Sine 
no  current  through  this  cell,  and  so  no  polarisation,  th 

remains  constant,  and  therefore  E    is  also  constant. 
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.F.  of  P  gradually  alters  by  polarisation,  we  can  so  diminish 
resistance  of  R  as  to  maintain  G  undeflected,  or  E^  constant 

All  the  above  may  be  regarded  as  a  contrivance  for  keeping 
two  points  A  and  B  at  a  constant  AV  equal  to  the  E.M.F.  e^ 
I  of  the  standard  cell.  And  the  uniform  wire  AB  gives  us  by  its 
K  graduations  any  fractional  parts  of  e^  that  we  desire ;  since,  by 
^Il^hm's  law,  the  AV,  e^^  falls  uniformly  from  A  to  B. 
!C>  Now,  if  we  arrange  the  cell  e  as  shown,  and  if  we  get  zero- 
j^jieflexion  of  G'  when  we  make  contact  at  Q,  where  A  Q  =  at  and 

^  Q  =  ^,  it  follows  that  then  e  =  E  ,  or  that 

a 
a^  b 


fet;  .'  ^  =  — r-T  ^o> 


& 


,  Snce  evidently  E^  =  ^ .  E\ 


iL:^       Thus  we  can  measure  e  accurately  when  less  than  e^. 

^T.  Note, — It  may  make  matters  clearer  if  we  point  out  that  the  positive  poles 
of  the  battery  P,  and  of  the  cells  e^  and  e^  are  all  connected  with  the  same  end 
A  of  the  wire  A  B  ;  and  their  negative  poles  are  all  connected  with  the  other 
end  B. 

If  e  be  greater  than  e^  we  have  merely  to  interchange  the  posi- 
'  tions  of  Cq  and  e^  and  the  same  experimental  method  gives  us  that 

_  a  -\-  b 
a 

§  14.  Table  of  Besistances  in  Ohms  (or  o)).— We  shall  now 
give  some  information  as  to  the  actual  resistances  of  various  sub- 
stances ;  and,  in  order  that  the  statements  may  be  scientifically 
exact,  we  shall  explain  certain  terms  that  will  be  used. 

Microhms, — A  microhm  is  the  looooTjp^h  of  an  ohm  ;  or  i 
microhm  =  wX  lo"^ 

Megohms, — A  megohm  =  1,000,000  times  an  ohm  ;  or  i 
megohm  =  «  x  lo^ 

Specific  resistance  p. — The  resistance  offered  by  a  conductor 
of  I  centimetre  length  and  i  square  centimetre  section  to  a  current 
passing  through  it  from  one  face. to  the  opposite  face  is  called  the 
*  specific  resistance  p  '  of  the  substance  of  which  the  conductor  is 
made.  We  here  use  the  word  conductor  to  include  all  substances 
tTiat  do  to  any  measurable  degree  conduct. 
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The  results  given  are  derived    from   the    results    collected 
Hospitaller's  small    book,  and  from   Lupton's  tables  of  consta 
{see  below).    We  do  not,  in  this   Course,  consider  changes  due 
temperature ;  nor  do  we  consider  the  slight  difference  between 
BA  unit  sxid,  the  ohm  {see  Chapter  XIV.  §  i  (ii.)  note). 


I.  specific  resistances  of  metals  in  microhms. 

Silver,  annealed 

.     1-521  (« 

X   I0-"). 

Silver,  hard  drawn  . 

.     1*609 

Copper,  annealed     . 

•     1*616 

Copper,  hard  drawn 

.     1-642 

Gold,  hard  drawn    . 

.     2-154 

Aluminium,  annealed 

.     2*946 

Zinc,  pressed  . 

.     5*690 

Platinum,  annealed  . 

.        .        .        .     9158 

Iron,  soft 

.     9827 

Tin,  pressed    . 

.   13*360 

Lead,  pressed . 

.   19-847 

Mercury,  liquid        » 

.  96*146 

to  99*740 

• 

German  silver . 

.  21*170 

Brass 

.     5*800 

For  further  facts  as  to  resistances,  such  as  resistances  of  differ 
masses  of  wire  of  known  gauge,  we  refer  the  reader  to  Hospitali' 
*Formulaire  Pratique  de  I'Electricien'  (Masson,  Paris),  and  to  Luptc 
*  Numerical  Tables  and  Constants '  (Macmillan). 


II.  Specific  resistances  of  liquids  in  ohms, 

(Taken  from  Lupton's  book.) 

/Water  at  *75°  C 

J  Water  at  4°  C 

I  Water  at  1 1*' C 

J  Dilute  hydrogen  sulphate  at  18°  C.  ;  5  per  cent,  acid 
1  Dilute  hydrogen  sulphate  at  18°  C.  ;  30  per  cent,  acid 
Hydrogen  nitrate  at  18°  C,  density  1*32      . 
Saturated  solution  of  copper  sulphate  at  10°  C. 
Saturated  solution  of  zincic  sulphate  at  14''  C. 
Hydrogen  chloride,  20  per  cent,  acid,  at  18°  C.    . 
Ammonium  chloride,  25  per  cent,  salt  .... 
Sodium  chloride  saturated,  at  13°  C 


1*188 
9-100 
3*400 


X  10* 
X  ID' 
X  Id 
4-8J 
1-3! 
1-6 
29* 

21- 

1*3 
2*5 

5*3 


The  above  show  the  very  great  difference  that  exists  between 
water  and  solutions  of  salts,  with  respect  to  the  conduction 
current. 
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III.  specific  resistances  of  bad  conductors  in  megohms. 


(«  X  10*). 


»» 


2240 
9*1  X  10' 

practically  infinite, 

I  •16   X    10^  («   X    lO"). 
9-00  X  10' 

3*4  X  10'" 

2-8  X   io^» 
practically  infinite. 


)) 


»» 


)i 


Ice    at  —  12*4°  C 

Glass ;  (soda-lime,  density  2*54)  at  20°  C. 
\  Glass  ;  (crystal,  density  2*94)  below  0°  C. 
t Glass  ;  (crystal,  density  2-94)  at  105^  C. 

Shellac  ;  at  20^  C.       . 

Paraffin  ;  at  46°  C. 

Ebonite  ;  at  46®  C. 

Air  ;  usual  pressure     . 

True  vacuum       ......        prcutically  infinite. 

Very  dense  gases,  it  would  seem,  do  conduct  (or  *  convect ')  to 
•me  extent. 

In  very  rare  gases,  or  *  imperfect  vacua,'  there  appears  to  be  con- 
action ;  but  it  seems  certain  that  in  this  latter  case,  at  all  events,  the 
Lscharge  is  disruptive,  and  that  there  is  no  true  conduction. 

§  15.  Table  of  E.M.E.S  in  Volts. — We  here  give  some  results 
s  to  the  E.M.F.s  of  certain  cells.  The  reader  must,  however,  bear 
1  mind  that  the  E.M.F.  of  a  cell  depends  (i.)  upon  its  general 
lake  ;  (ii.)  upon  details  which  are  different  in  different  cells  pro- 
-ssedly  of  the  same  E.M.F. ;  (iii.)  upon  the  current.  The 
-M.F.s  here  are  therefore  only  approximately  correct  for  cells  in 
eneral.  They  are  the  initial  E.M.F.s ;  and  so  we  have  some 
nomalous  results,  as,  e,g,^  that  the  E.M.F.  of  Volta's  cell  is  greater 
^an  that  of  a  Smee's—a  result  certainly  not  true  when  there  is 
luch  current  running. 

'Volta*s  cell ;  Zn  \  dilute  H,SO^  \  Cu  ;  about  I  -00  volt. 
Smee*s  ;  Zn  \  dil,  JI.,SO^  \  platinised  silver ;  from  0*50  to  I '00  volt. 
Danieirs;  Zn  \  dil,  H.SOj^  \  CuSO^  solution  \  Cu ;  about  I '12  volt. 
Grove;  Zn  \  dil,  H^O^  \  HNO^  \  Pt  ;  nearly  2*00  volt. 
Bunsen  ;    Zn  \  dil,    H.,SO^  \  HNO^  \C  \     175    to    1-94  volt. 
y  Clark's  standard  cell ;  Hg  \  Hg^SO^  \  Zn  ;  at  I5°C.   I  -438 

Leclanche  ;   Zn  \  NH.Cl  solution  I  ^^^r  .         .1-42 

De  la  Rue  ;  Zn  \  NHfil  I  AgCl  \  Ag    ,        .         .1-04 

Marie-Davy ;  Zn  \  dil,  H^O^  \  HgSO^  \C    ,         .1-52 

Bichromate ;  initially^  solution  new       .         .         .2*00 

\  Plants  secondary  cell     .         .        .        about  i 'So  to  2*50 

These  results  are  for  the  most  part  those  given  in  Lupton's  book 
ove  referred  to. 
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CHAPTER  XV. 
joule's  law,  and  conservation  of  energy. 

§  I.  Oeneral  Survey. — We  have  already  pointed  out  how 
(i.)  all  forms  of  energy  may  be  measured  in  work-units  (i.e.  in. 
^^^s); 

(il)  energy  is  indestructible,  or  in  any  self-contained  system 
we  have  transformation  of  energy  from  one  form  to  another,  but 
no  loss  or  gain  of  energy. 

In  addition  to  these  statements  we  may  now  add  the  law,  which 
seems  to  apply  to  all  inanimate  nature  at  any  rate,  'that  all  energy 
tends  to  run  down  to  the  form  of  uniformly  diffused  heat.'  This 
law  is  called  the  law  of  ^Degradation  of  energy,^ 

Now  in  the  battery-cell  our  store  of  energy  is  in  that  fonn 
which  is  called  chemical-potential-energy.  In  any  particular  ceD 
the  total  energy  at  our  disposal  is  proportional  to  the  total  mass 
of  zinc  (or  other  metal)  to  be  dissolved.  This  energy  also  depends 
upon  the  other  chemical  changes  that  take  place  ;  and  thus  it  is 
that  in  different  cells,  in  which  the  rest  of  the  chemical  action  is 
different,  we  have  different  amounts  of  energy  answering  to  the 
same  mass  of  zinc  dissolved. 

This  energy  may  pass  (apparently)  direct  into  the  form  of  heat 
energy,  as  when  we  simply  dissolve  unamalgamated  zinc  in  acid 

Or  we  may  obtain  electrical  energy  as  an  intermediate  form ; 
and  part  of  this  electrical  energy  may  be  converted  again  into 
chemical-potential-energy  if  it  be  caused  to  decompose  an  elec- 
trolyte, or  it  may  be  transformed  into  mechanical  energy  if  it  be 
caused  to  work  an  electro-motor (j^^ Chapter XXIV.),  or  it  maybe 
allowed  to  be  entirely  converted  into  heat-energy  if  it  be  left  simply 
to  heat  the  circuit. 

But  in  every  case  we  have  simply  the  energy  answering  to  the 
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e  of,  and  amount  of,  the  chemical  changes  that  have  taken 
in  our  sole  source  of  energy,  the  cell  or  battery. 
2.  TTnits  of  Heat,  Work,  and  Activity. 

Unit  of  work,  —  In  the  absolute  system  this   is   the  erg^ 
dy  discussed  in  Chapter  X. 

I.  Unit  of  heat, — The  calorimetric  unit  of  heat  is  that 
mt  of  heat  which  will  raise  one  gramme  of  water  from  0°  C.  to 
;  or  we  may  with  sufficient  accuracy  measure  the  number  of 
i  metric  units  of  heat  by  the  product  of  the  (number  of  grammes 
iter)  into  the  (number  of  degrees  Centigrade  through  which  they 
>r  fail  in  temperature).  This  unit  is  called  the  calorie, 
'he  calorie  is  not  a  C.G.S.  unit,  as  the  Centigrade  scale  of 
•erature  is  independent  of  the  C.G.S.  fundamental  units.  We 
,  therefore,  to  connect  this  unit  with  the  C.G.S.  system  by 
t  experiment,  measuring  the  heat,  as  we  can  measure  all  forms 
lergy,  in  ergs, 
Jow  it  has  been  shown  experimentally  that 

I  calorie  -^^  4'i75  x  io^  ergs  =  42  x  10®  ergs  [nearly], 

at  one  gramme-degree  unit  of  heat  would,  if  totally  used  up 
oing  mechanical  work,  do  41,750,000  ergs  of  work  ;  or  the 
;  would  raise  424  grammes  through  one  mfetre  against  gravity 
re^  is  taken  as  981). 

t  was  Joule  who  first  established  the  definite  measurement  of 
in  units  of  work.     The  factor  which  reduces  calories  to  ergs 
be  called  J,  so  that  J  =  4*175  x  10^.     We  may,  for  ordinary 
loses,  take  J  to  be  equal  to  42  x  10^. 

^oU, — We  use  the  true  calorie^  the  gramfite-degree-Centigrcuie  unit, 
her  calorie  is  sometimes  used,  viz.  the  kilogramme-degrce-Cemigradc 
ie  ;  but  its  use  will  probably  soon  be  entirely  discontinued. 

[II.  Unity  of  activity^  or  rate  of  work^  or  power. — It  is 
1  very  important  to  consider  the  rate  at  which  work  is  done,  or 
work  per  second.  It  is  convenient  to  give  the  name  of  ''activity ' 
ite  of  work. 

The  C.G.S.  unit  of  activity  is  the  activity  oione  erg  per  second,^ 
English  engineering  practice  the  horse-power  is  much  used 

1  convenient  unit  of  activity  when  work  is  being  done  on  a 

2  scale.)  All  energy^  then,  can  be  measured  in  ^rgs  or  units  of 
iL,  and  all  energy  per  second  in  units  of  activity. 


240 


ELECTRICITY 


CH.  XT. 


§  3.  Energy  of  the  Electric  Current.— Consider  a  current  C 
running  steadily  between  the  points  A  and  B  of  a  circuit,  where 
A  is  at  the  potential  V^,  and  B  is  at  some  lower  potential  Vg. 

Each  unit  of  electricity  at  A  is  at  a  higher  potential  than 
when  it  comes  to  B  ;  in  fact,  there  is  a  continual  discharge  from 

the  constant  potential  V^  to  the 


/ 


constant  potential  Vb.      Each 
unit,   therefore,  loses  potential 
/  \     energy  to   the   amount   repre- 

sented by  Va  —  Vb  (see  Chap- 
ter X.  §  28)  in  its  passage  from  A  to  B  ;  and,  if  the  current  be  C, 
or  if  C  units  pass  per  second,  there  will  be  a  loss  of  electrical- 
potential- energy  between  A  and  B  to  the  amount  of  C  x  (V^-Vb) 

per  second.     We  may  write  this  as  C  x  E^.      If  C  and  V  be 

measured  in  suitably  chosen  units,  the  above  product  will  give  us 
the  electrical  energy  lost  in  ergs  per  second^  or  in  absolute  CG.S. 
units  of  activity.  Now  the  absolute  electro-magnetic  system  oft 
units,  referred  to  in  Chapter  XIV.  §  i,  and  explained  in  Chapterl^ 
XVIII.,  is  such  that  (current)  x  {E.M.iF,)  does  give  us  this  adiint/ 
in  absolute  CG.S.  units.  If,  however,  we  use  amperes  to  measure 
C,  and  voits  to  measure  E  M.F.  or  :iV,  then  the  product  C  x  £ 
gives  us  the  activity  in  a  new  unit  which  we  call  a  watt.  Since 
I  ampere  =  y^^th  absolute  unit,  and  i  volt  ^^  10®  absolute  unit,  it 
follows  that 


I  watt  =10^  (ergs  per  second). 

To  repeat ;  when  a  current  of  C  amperes  runs  between  two  points  I 
whose  difference  of  potential  is  measured  by  E  volts^  then  electrical] 
energy  disappears  between  these  points  at  the  rate  of.    .    .   ' 

Cx'E  watts (i)i 


'3C 

fofi 


mi 


or  C  X  E  x  lo'^  ergs -per- second. 
We  may  add  that 

One  English  horse-power  =  746  watts  [nearly]. 
If  there  be  no  source  of  E.M.F.  between  the  points  A  and  B,|:jcui 


pfii 
han 


then  by  Ohm's  law  we  have  C  =  -^b,  where  R  is  the  resistance 


R 


•ccr 


between  A  and  B.*    In  tVvls  case,  which  is  the  case  where  A  B  »*■ 
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<i  electrolytic-cell 


fimple  conductor,  and  includes  no  form  of  pile  o 

pr  Uiermo-cell,  we  have  that 

Activity  =  C  R  7vat/t ( ii. ) 

But  if  we  simply  know  E*  as  the  iV  between  A  and  B,  and  if 
we  do  not  know  whether  or  no  there  be  any  source  of  E.M.F.  be- 
tween A  and  B,  then  we  cannot  write  C  R  instead  of  E^.  For  if 
there  be  such  an  E.M.F.,  e,  between  A  and  B,  then  by  KirchhofTs 
extension  of  Ohm's  law,  we  have  that  C  R  does  not  equal  E^^ 
but  equals  (E^  ±  e).  Hence  the  expression  (i.)  given  above 
is  of  the  more  general  application. 

In  the  case  of  a  battery  (A  E.M.F.  E,  through  which  is  passing 
a  current  C,  the  above  considerations  will  show  us  that  the  rate  at 
which  chemical-potential -energy  is  used  up  in  giving  electrical 
energy  must  be  represented  by  an  activity  of  C  E,  since  electricity 
to  the  amount  of  C  per  second  is  being  raised  through  a  AV 
represented  by  K  In  fact,  the  rate  at  which  chemical  energy  is 
used  up  in  '  pumping  up '  electricity  in  the  cell  from  the  lower 
level  to  the  higher  {the  difference  of  level  being  E  iioits)  is  repre- 
sented by  the  activity  of  CE  watts. 

Inside  the  cell,  then,  we  are  using  up  chemical  or  other  energy 
in  raising  electricity  from  a  lower  to  a  higher  level,  i.e.  in  gaining 
electrical  energy  ;  while  partly  inside  and  partly  outside  the  cell 
this  electrical  energy  is  being  again  lost 
—  giving  us,  as  we  shall  see  later  on. 
Other  forms  of  energy, 

§  4.  Jouls'i  Law. — The  same  Joule 
who  first  clearly  showed  that  heat  was 
a  form  of  energy,  and  could  therefore 
be  Tneasured  in  work-units,  was  also 
the  first  to  point  out  the  exact  connec- 
tion between  the  electrical  energy  lost 
in  any  portion  of  a  circuit  and  the  « 
heat  evolved  in  that  portion  of  the  i 
circuit 

He  showed  experimentally  that  if 
a  current  C  be  flowing  through  a  conductor  of  resistance  R,  then 
the  heal  evolved  per  second  is  proportional  to  the  product  C  R ; 
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and  further  investigation  has  shown  the  exact  relation  that  the 
amount  of  heat  evolved  bears  to  the  electrical  energy  lost  in  this 
portion  of  the  circuit. 

The  nature  of  his  experiments  is  indicated  by  the  accompany' 
ing  figure. 

A  wire  of  known  resistance  is  immersed  in  a  known  mass  of  water, 
a  current  measured  by  a  galvanometer  is  passed  through  the  wire  for 
a  measured  time,  and  the  rise  in  temperature  of  the  water  is  noted. 
We  thus  measure  C,  R,  and  the  heat  evolved.  From  a  comparison  of 
many  experiments  in  which  C  and  R  were  varied,  the  law  above  given 
was  deduced. 

Further  experiment  showed  that  the  same  law  held  with  respect 
to  the  battery-cell  itself.  It  is  then  true  that  in  the  whole  circuit 
or  in  any  part  of  it,  the 

(^Heat  evolved  per  second)  is  proportional  to  (the  product  OR). 

If  we  express  our  heat,  current,  and  resistance,  in  suitable 
units,  then  this  proportionality  becomes  equality,  and  we  have.   . 

{H  per  second)  =  C^  R. 

We  shall  now  for  convenience  introduce  a  new  symbol  IB 

having  a  very  simple  meaning.     Ixt  IS  be  the  algebraic  sum  of  the 

E.M.F.s  in  any  portion  of  the  circuit  considered  ;  so  that,  by  Ohm's 

IS* 
law  or  by  Kirchhoff  s  extension  of  it,  we  have  the  relation  C  =  ^' 

or  C  R  =  fS.  (Thus  if  we  consider  the  portion  of  the  circuit  A  B, 
and  if  no  source  of  E.M.F.  lie  between  A  and  B,  we  have  iB  the 

same  as  E^  or  (V^—  Vg) ;  but  if  there  be  a  direct  E.M.F.  ^,  or  an 

opposed  E.M.F.  —  ^,  between  A  and  B,  then  IB  =  Eg  ±  e).  We 
can  then  write  C  IE  instead  of  C^  R  ;  and  we  have,  when  suitable 
units  are  employed 

H  {per  second)  =  C^  R  =  C  ffi.  * 

If  C,  R,  and  iS  be  measured  in  amphres,  ohms^  and  voltSy  then 
the  product  C^  R  or  C  IS  gives  us  the  heat-activity  in  watts. 

If  7uatts  and  calories  per  second  be  compared,  by  referring  both 
to  ergs  per  second,  it  can  be  shown  by  the  data  given  earlier  that  . 

I  7vatt  =  '24  calories  per  second  (approx.). 

This  relation  may  be  verified  directly  by  experiment. 
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We  may  then  express  Joule's  law  as  follows.  7f  in  any  circuit 
or  portion  of  a  circuit  C  be  the  current  in  amphreSy  R  the  resistance 
'  in  ohmSy  and  ^  be  the  algebraic  sum  of  the  E,M,F,s  (in  such  a  sense 
that  by  Ohm's  law  C  R  =  IB)  measured  in  voitSj  then  there  itnll 
be  evolved  in  that  circuit  or  portion  of  circuit  heat  to  the  amount  of 
C^R-K  *24,  ^r  CIB  X  '24,  calories  per  second, 

VV^e  have  thus  two  formulae  for  the  heat  evolved  in  calories  per 
second  ;  the  formula  C'-*  R  x  '24  is  always  true  ;  and  C  iS  X  '24  is 

true  if  iE  be  such  that  C  — ^. 

R 

§  5.  The  Heating  of  tJniform  Wires.— The  most  important 
practical  application  of  Joules  law  is  the  application  to  the  case 
of  conducting  wires. 

We  will  use  formula  (i.)  of  the  last  section. 

(I.)  If  a  wire  have  resistance  R,  and  there  be  flowing  through 
it  a  current  C,  then  there  is  evolved 

C*  R  X  '24  calories  per  second. 

With  a  given  current  we  can  thus  calculate  the  calories  per  second 
evolved  if  we  know  the  length,  section,  and  specific  resistance  /;, 
of  the  wire.  For,  if  \)  be  given  in  ohms^  or  be  reduced  to  ohms^ 
we  have  that 

R  =  p  .  — ^ : —  ohms, 

cross  section 

If  r  be  the  radius  of  a  wire  of  circular  section  (the  most  usual 
make  of  wire)  then 

R  ==  p .  ohms, 

■K  r'^ 

(II.)  The  temperature  to  tvhich  a  wire  is  raised, — If  the  heat 
were  not  dissipated  by  convection,  conduction,  and  radiation,  no 
limit  (saving  that  imposed  by  the  fusion  of  the  wire)  could  be  fixed 
to  the  temperature  to  which  a  wire  would  rise.  As  a  matter  of  fact, 
however,  there  soon  obtains  a  state  of  equilibrium  between  the  heat 
evolved  per  second  and  the  heat  dissipated  per  second;  Hence 
the  temperature  will  be,  with  more  or  less  exactness,  proportional 
to  C^  and  to  R  ;  or  is  higher  as  the  current  is  larger,  and  as  the 
wire  offers  a  greater  resistance. 

Experitiunt.  — Put  in  the  same  circuit  lengths  of  Pt  and  of  Ag  wire  of  the 
same  radius.     The  j)la!Jnum  is  (he  worse  conductox  oi  ihe  \vio ",  ^xv^  \}ftfc\^\vi\tt 


244  ELECTRICITY  ch.  nJ 

for  it  the  resistance  is  greater,  while  the  current  is  the  saine  for  both.  Ittha^l 
fore  is  seen  to  attain  a  white-heat,  while  the  silver  remains  much  cooler ;  in  tbt 
final  condition,  the  greater  dissipation  due  to  the  higher  temperature  com- 
pensates for  the  greater  amount  of  heat  evolved  per  second. 

Note,— Kin  the  same  circuit  we  have  (were  it  possible  to  find  such)  two 
wires  of  same  radius,  same  conductivity,  same  surfacepower  of  dissipating  heat, 
but  of  different  masses  and  specific  heats,  then  it  is  sometimes  stated  that  the 
temperatures  will  depend  upon  the  masses  and  on  the  specific  heats,  varying 
inversely  as  both.  This,  however,  is  not  the  case.  That  wire  whose  water- 
equivalent  (or  fftass  X  specific-heat)  is  the  least,  will  first  attain  the  final  tempen- 
ture.  But,  when  this  is  once  attained,  only  the  resistance  and  the  dissipating' 
power  come  into  the  question  ;  and,  sines  by  hypothesis  this  is  the  same  for 
lx>th,  it  follows  that  the  final  temperatures  will  be  the  same. 

III.  Temperature  as  dependent  on  radius, — Let  us  now  consider 
wires  of  different  radii,  but  of  the  same  material,  included  in  the  same 
circuit)  so  that  the  same  current  necessarily  passes  through  each. 
And  let  Q  represent  the  number  of  degrees  by  which  the  temperature 
of  the  wire  exceeds  the  so-called  *  temperature  of  the  air,'  when  a 
steady  condition  of  temperature  has  been  arrived  at 

We  have  then,  for  each  unit  length  of  the  wire    .     , 

[Heat produced  by  current  per'^  ^  VHeat  lost  by  radiation^  6*tf.,/wl 
second  J     L  second  J 

If  we  assume — [but  it  is  not  at  all  accurate  to  do  so] — that  the 
resistance  of  the  wire  docs  not  depend  upon  its  temperatiu^  we  may 
under  the  conditions  assumed  say  that ,    •    .    .   • 

{Heat  produced  per  second)  oc  __ 

where  r  is  the  radius  of  the  wire. 

Again,  if  we  assume — [but  at  such  high  temperatures  this  is  not 
accurate]— that  the  rate  of  loss  of  heat  is  simply  proportional  to  6  and 
to  the  area  of  surface  exposed,  we  have 

{Heat  lost  per  second)  oc  2  »  r .  ^. 

With  these  assumptions,  then,  we  have  that  for  wires  of  same 
material  in  the  same  circuit •    •    •    .  • 

{The  rise  in  temperature^  ff)  oc  . — _ — _. 

(radius)* 

§  6.  Dittribntion  of  Heat  in  the  Circnit — Let  the  current  in 
a  circuit  be  C ;  the  resistances  of  battery  and  of  various  parts  of  the 
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ircuit  be  B,  R„  R2,  R3,  &c.,  respectively  ;  the  total  resistance 
•e  R  ;  the  total  heat  evolved  per  second  be  H  calories  \  the  several 
•ortions  evolved  in  the  above  different  portions  of  the  circuit  be 
igj  H„  H2,  &C.,  respectively  ;  then  we  evidently  have  the  foLow- 
ng  relations  holding. 

(H   =C«R  X  -24  =  02(3  +  R,  +  Ri  +  &c)x-24. 

J  Hb  =  C2  B  X  -24. 

(Hi  =C2Ri  X  -24.     &c. 

Whence  also ^ 

Hb  "<•  H|  :  H2  :  .  .  .  =  B  :  R]  :  R2  :  .  .  . 

Hb  =  rr  .  H. 

H,  =  ^  H.    &c 

§  7.  Heat  Evolved  with  various  Arrangements  of  n  Cells. — 
jet  there  be  n  cells,  each  of  resistance  B  and  E,M.F,  E.  Let  R  be 
he  total  resistance  of  the  whole  circuit  including  the  battery.  Let 
i  be  the  total  heat  per  second  evolved  ;  and  let  Hj  and  He  be 
he  portions  evolved  internally  to  the  battery,  and  in  the  external 
circuit,  respectively. 

('i)  I^t  the  cells  be  arranged  m  end-on  and  /  in  parallel  ;  and 
et  the  external  resistance  be  r.  Then  we  have  H  =  C^  R  x  '24 
ralories. 

in  B 
We  have  also  C  R  ==  «  E  by  Ohm's  law  ;  and  R  =  r  -f   - 

see  Chapter  XIIL  §  13,  &c.).     We  can  thus  substitute  for  C  and 
^  in  terms  of  known  quantities  ;  and  we  have 

H  =  C^  R  X  '24  =  1^  X  '24  calories  per-second, 

tn.  B  tti  B 

'    ~T  I 

Hi  =s  *g   H  =  p  H  =  &c.,  calories  per-second. 

~^ 

T  r 

He  =  ^  H  =  iL  H  =  &C.,  calories -per-second. 


T[ 


r  + 


m 
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(P)  If  the  cells  be  so  arranged  that  the  internal  resistance 
=  r,  then  we  have 

H   =  C^  R  X   24  =  -    X    24  caiories. 

2  r 

H:  =  H.  =^         H  ==  -  H. 

2  r  2 

§  8.  Case  of  no  Baok-E.M.F.  in  the  Circnit -Where  there 
is  in  the  circuit  only  the  E,M,F,  E  of  the  battery,  and  no  other 
E.M.F.,  then  by  Joule^s  law 

(       H  =  C*  R  =  C  E  X  '24  calories-per-secoud. 
'( or  H  =  C  E  watts. 

And  by  §  3  we  know  that  the  total  electric  activity  is 

AV  =  C  E  watts. 

In  this  case,  therefore,  all  the  electric  activity  runs  down  inta 
the  form  of  heat-per-second. 

Experiment  and  theory,  moreover,  concur  in  establishing  it  to  be 
a  fact  that  in  a  cell  where  there  is  no  local  action,  Le,  in  which  no 
chemical  action  occurs  until  the  circuit  is  closed,  all  the  chemical- 
j)otential-energy  lost  per  second  appears  as  electrical  activity. 
Hence  in  this  case  the  total  chemical  action  gives ^rf/  the  equiva- 
lent electrical  energy,  and  then^  finally,  the  same  amouht  of  heat 
tliat  would  have  been  given  had  the  chemical  action  taken  place 
without  the  intermediency  of  a  current. 

§  9.  Case  of  a  Back-E.M.E.  e  in  tbe  Circuit. — Now  let  us 
have  in  the  circuit  an  electrolytic  cell,  or  some  other  arrangement 
giving  a  reverse  E.M.F.  e\  the  total  resistance  being  still  R. 

As  argued  in  §  3,  the  battery  is  expending  energy  at  the  rate 
of  W  =  C  X  E  7vatts, 

By  Joule's  law  we  have  heat  evolved  at  the  rate  of  H  =  C*^  R 
7vatis. 

E  —  ^ 

And  since  by  Ohm's  law  C  =  — ^— ,  this  heat  activity  H  may 

be  written  as  C  (E  —  ^)  or  C  E  —  C  ^. 

Hence  of  the  activity  C  E  expended  by  the  battery,  we  have 
accounted  ioxpartiw  heat ;  but  we  have  not  yet  accounted  for  the 
remainder  C  e. 


XV. 


joule's  law  2^7 


*  Conservation  of  energy '  alone  would,  therefore,  lead  us  to 
include  that  activity  measured  by  C  ^  wafts  is  being  expended 
n  the  electrolytic  celL  And,  in  complete  accordance  with  this 
jsult,  we  have  the  argument  that  in  order  to  drive  a  current  C 
gainst  an  KM.F.  e  we  must  expend  an  activity  of  C  e  watts. 

In  an  electrolytic  cell  it  is  fairly  evident  that  this  activity  can 
nly  be  expended  in  the  storing  up  of  chemical-potential-energy, 
ince  no  other  work  is  being  done. 

Then  we  have  expended  by  the  battery  an  activity  of  C^  R  or 
Z  E  watts  ;  this  amount  of  chemical-pqtential-energy  being  lost 
ach  second  in  the  chemical  changes  there  taking  place.  Of  this 
^  (E  —  ^)  watts  reappear  as  heat  evolved  per  second  ;  while  C  e 
vatts  are  stored  up  each  second  in  the  electrolytic  cell  in  the 
orm  of  chemical-potential- energy,  chemical  decomposition  being 
here  effected. 

Case  of  charging  a  secondary  battery, — In  the  charging  of  a 
econdary  battery  whose  back-E.M.F.  during  charging  is  ^,  we 
tore  up  the  activity  C  ^,  and  waste  in  heat  the  activity  C  (E  -  ^). 
ience  it  is  more  economical  to  charge  the  cell  with  a  battery 
'hose  E.M.F.  E  is  only  a  little  greater  than  e  ;  for  then  we  store 
p  nearly  the  whole  activity.  But  if  E  nearly  equals  ^,  the  current 
)  will  be  small,  and  the  process  of  charging  will  be  a  long  one. 
iS  a  rule  we  compromise  matters,  and  do  waste  a  good  deal  of 
ctivity  in  heat  in  order  to  get  the  cell  charged  within  a  reason- 
ble  time. 

§  lo.  Vomerioal  Ezamplet. 

(i.)  A  battery  has  E.M.F.  »  50  volts ;  the  total  resistance  is  20 
hms.  Find  the  current  in  ampires^  and  the  activity  (or  work  per 
jcond)  in  ergs  per  second^  in  watts^  and  in  horse-power. 

Here, 

/C  -5--5?  »  2^  amperes. 
R      20         2      -^ 

Activity  «CE  =  -ix5o«i25  watts. 

Activity  =  CExio^-i25xio7  ergs  per  second, 

^Activity  «  C  E  -r-  746  =  — \  horse-power. 

746  ^ 
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(ii.)  In  the  same  case  the  external  resistance  Re  is  15  ohms^  and 
the  internal  resistance  R|  is  5  ohms#  Find  the  external  and  internal 
activities  both  in  wa//s  and  calories  per  second. 

Here, 

R  '\ 

I' External  activity  «~xi2$»^xi25  watts^ 
External  activity  =  "^  x  125  x  -24  calories-per-second. 

Ri  I 

Internal  activity  «i^xi25»-xi25  watts, 

K  4 

^Internal  activity  «  -  x  125  x  *2^  calories-per-second. 

4 

(iii.)  A  battery  has  E.M.F.  20  volts  and  current  10  amperes,  FinA 
the  total  heat  per  second  in  calories. 

Here  H  «  C  x  E  x  '24  =  10  x  20  x  '24  ccUories-per-second, 

(iv.)  A  battery  has  E.M.F.  «  10  volts  \  current  is  observed  to  he 
6  amperes  \  and  in  the  circuit  are  a  set  of  electrolytic  cells  of  total 
back-E.M.F.  equal  to  4  volts. 

What  is  the  chemical  activity  (or  energy-per- second)  stored  up  in 
the  electrolytic  cells  ?  And  how  many  calories  per  second  are  given 
out? 

Here, 

I  Chemical  activity  stored  up  ^Ce^  ^^6^2^  watts, 
[  Heat  activity  «C(E—  ^?)  =  6  X6-36  watts, 

§  II.  Failnre  of  a  Smee's  Cell  to  Decompose  Water.— If  the 
back-E.M.F.  e  of  an  electrolytic  cell  would  be  greater  than  the 
E.M.F,  E  of  the  battery,  then  such  a  battery  will  fail  to  drive  a 
current  through,  and  decompose,  such  a  cell. 

For  if  the  action  be  supposed  to  take  place,  we  get   .     .    .   • 

(i.)  C  =  — -- —  =  a  negative  quantity ;  which  would  mean  that 

XV 

the  electrolytic  cell  would  be  driving  a  reverse  current  through  the 
battery-cell ;  and  that  the  latter  would  not  be  decomposing  the 
former. 

(ii.)  Again,  we  should  have  the  activity  C  E  expended  by  the 
battery  less  than  the  activity  C  e  expended  on  the  electrolytic 
cell,  which  would  be  a  bfeach  of  conservation  of  energy. 

It  is  for  this  reason  that  a  Smee's  cell  cannot  decompose 
water. 


CH.  XV.  joule's  law  249 

If  E  =  ^,  then  we  have  a  stand-still ;  and  this  will  be  the  case 
whatever  the  relative  size  of  battery-cell  and  of  electrolytic  cell. 

P*  —  p 
The  current  is  C  =  — =3—  =  o  (by  hypothesis). 

JR. 

§  12.  Partial  Polarisation  in  tbe  foregoing  Case. — In  such  a 
case,  however,  we  get  a  partial  polarisation.  Referring  to  Grothiiss's 
hypothesis  (Chapter  XXL  §  4),  we  may  add  that  we  do  not  get  the 
full  back-E.M.F.  e  until  the  chain  of  interchanges  of  ions  is  com- 
pletely established.  At  first,  no  doubt,  some  ^^  ions  will  during 
their  temporary  disengagement  from  their  T  partners  attach  them- 
selves to  the  kathode  and  anode  respectively  ;  without,  however,  a 
complete  interchange  of  partners  occurring  throughout  the  entire 
chain  between  the  electrodes.  As  this  action  occurs  to  a  greater 
and  greater  degree,  so  will  the  back-E.M.F.  rise,  until  (in  the  case 
of  the  last  section)  there  is  finally  a  balance  and  a  stand-still. 

§  13.  Conneetion  between  E.M.P.S  and  'Heats  of  Combina- 
tion.* 

(I.)  The  passage  of  a  unit  quantity  of  electricity  through  the 
battery  cell  is  accompanied  by  a  definite  amount  of  chemical 
action.     Thus,  in  the  case  of  a  voltaic  cell  in  which  platinum  and 
zinc  are  immersed  in  dilute  sulphuric  acid^  the  passage  of  a  unit  of 
electricity  is  accompanied  by  the  solution  of  an  electro-chemical 
equivalent  of  zinc,  and  the  setting  free  of  an  electro-chemical 
ec|\iivalent  of  hydrogen.     In  all  cases,  if  the  whole  action  be  con- 
firmed to  the  cell  and  no  current  be  sent  through  an  external 
circuit,  each  such  chemical  action  fixed  in  nature  and  in  amount 
is  accompanied  by  the  evolution  of  a  fixed  quantity  of  heat.    This 
^^at  is  the  full  measure  of  the  chemical  potential  energy  lost  by 
tVie  cell,  and  its  determination  for  each  particular  case  is  a  matter 
^1  experiment. 

Let  us  denote  it,  in  the  general  case,  by  H  calories.    Then  we 

have  that    ..•«..... 

In  the  fassage  of  one  unit  of  electricity  through  the  circuit  the 
(til  loses  chemical  potential  energy  whose  measure  in  heat  is  H 
calories, 

(II.)  Now  Ex  I,  or  E,  measures  the  electrical  work  done  by 
the  battery  upon  unit  quantity  of  electricity  passing  through  it ; 
or  we  must  write  (E  x  '24)  if  we  express  this  work  in  calories. 
(See  p.  24  r,  second  paragraph ;  and  p.  242,  last  two  liues.^j 
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Hence 


In  the  passage  oj  one  unit  of  electricity  through  the  circuit  tk 
cell  does  electrical  work  measured  by  Ex'2^  calories. 

(III.)  Now,  experiments  tend  to  show  that  in  cells  devoid 
local  action  the  former  energ)'  equals  the  latter  ;  or  that .    .   . 

Ex-24  =  H 

•24 

This  theory*  can  be  and  has  been  tested  by  comparing  the 
values  of  £  calculated  in  this  way  from  aki  experimental  know- 
ledge of  H,  with  values  measured  by  electrical  methods.  So  far, 
then,  as  experiment  has  been  able  to  go.  there  appears  to  be  a 
very  intimate  connection  between  intensity  and  quantity  of  chfcmi' 
tal  action  on  the  one  hand,  and  E.M.F.  and  quantity  of  electrical 
movement  on  the  other,  respectively. 

(IV.)  Different  E,M.F.s  of  different  cells,— Th^  above  reason- 
ing and  reaiults  throw  much  light  on  the  differences  in  E.M.F.ihat 
exist  between  various  cells  in  all  of  which  zinc  is  dissolved  in 
dilute  sulphuric  acid. 

The  difference  lies  in  the  different  methods  of  getting  rid 
of  the  hydrogen.  In  every  case  this  invo.ves  an  absorption  of 
energy. 

In  Smee's  cell  the  hydrogen  is  liberated  in  the  free  state  from 
the  platinised  silver  plate.  The  separation  of  this  hydrogen  from 
the  sulphuric  acid  absorbs  a  considerable  part  of  the  energy  sup- 
plied by  the  solution  of  the  zinc.  The  energy  of  the  current  and, 
consequently,  the  EM.F.  are  comparatively  small. 

In  I)anieirs  cell  the  hydrogen,  instead  of  being  liberated  in  the 
free  state,  is  allowed  to  decompose  sulphate  of  copper  in  solution. 
This  decomposition  is  accompanied  by  evolution  of  energy  which 
restores  in  part  that  absorbed  by  the  liberation  of  hydrogen  from 
the  acid.  Here,  therefore,  the  current  energy  and  E.M.F.  are 
higher. 

In  Grove's  cell  the  hydrogen  decomposes  niti;ic  acid,  yielding 
thereby  nearly  as  much  energy  as  its  original  liberation  had  absorbed 
Here,  therefore,  the  energy  supplied  is  nearly  that  yielded  by  th( 
solution  of  the  zinc,  and  the  E.M.t.  is  very  high. 
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^/^.  —  It  may  naturally  occur  to  the  reader  to  ask  why  in  the  table  of 
>ter  XIV.  §  15  we  are  given  different  values  for  the  E.M.F.s  of  a  Volta's 
and  of  a  Smee*s  cell,  although  in  both  the  hydrogen  is  simply  set  free. 
Ve  may  say  that  the  E.M.F.s  as  calculated  chemically  correspond  to  the 
-F.s  of  the  batteries  when  a  current  is  running  and  when  there  is  neverthe- 
no  unknown  polarisation. 

t  is,  therefore,  almost  hopeless  to  expect  agreement  between  the  values  of 
L.F.  as  calculated  chemically,  and  as  measured  with  open  circuit,  respec* 
y,  when  we  are  dealing  with  *  non-constant  *  cells ;  for  we  do  not  quite 
A  our  data  for  calculation.  With  '  constant '  cells  the  agreement  is 
sr. 

There  is,  however,  little  doubt  but  that  there  would  be  exact  agreement 
e  knew  the  exact  chemical  action  in  the  cell  at  the  time  when  its  E.M.F. 
electrically  measured. 

(V.)  The  expression  for  the  E.M.F.  given  in  (III.)  shows  us  from 
?ther  point  of  view  why  a  Smee's  cell  cannot  decompose  water, 
ce  in  this  case  the  back-E.M  F.  e  is  greater  than  the  E.M,F,  E 
the  Smee's  cell,  it  follows  that  the  heat  per  second  used  up  in 
omposing  the  water  would  be  greater  than  the  heat  per  second 
t  could  be  supplied,  by  the  Smee*s  cell. 
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CHAPTER   XVI. 


THERMO-ELECTRICITY. 


§  I.  Introductory. — In  the  cells  with  which  we  have  up  to 
the  present  point  been  concerned,  we  have  had  certain  ar^aDg^ 
ments  by  means  of  which  chemical-potential-energy  could  be 
converted  into  electrical  energy;  the  materials  of  the  cell  under- 
going permanent  chemical  change.  Any  such  arrangement  (gene- 
rally of  two  metals  and  one  or  two  liquids)  was  called  a  voltak 

If  we  passed  a  current  through  such  a  cell  we  either  lost 
chemical  potential-energy  and  gained  heat  energy^  or  we  gained 
chemical'Potential-energy  and  used  up  electrical  energy  that  would 
otherwise  have  appeared  in  the  form  of  heat  energy  \  according  to 
the  direction  in  which  we  drove  the  current.  (We  refer  to  the 
*C^' of  Chapter  XV.  §  9.) 

In  the  present  Chapter  we  shall  see  that  it  is  very  easy  to 
make  certain  arrangements  (consisting  simply  of  metals,  without 
any  liquid  or  other  non-metallic  body)  by  means  of  which  k(A 
energy  may  be  converted  direct  into  electrical  energy  \  the  metals 
employed  undergoing  no  chemical  change.  Such  an  arrangement, 
which  gives  us  an  electric  current  by  the  application  of  heat  only, 
is  called  a  ther mo-cell. 

We  shall  see  further  that  if  we  pass  a  current  through  a 
thermo-cell  we  have  certain  effects  (called  Peltier  and  Thomson 
effects)  consisting  in  disengagement  or  absorption  of  heat.  These 
effects  are  entirely  distinct  from  the  /oule  effect  of  Chapter  XV. 
§  4,  and  answer  to  the  chemical  work  C  e  that  is  done  when  we 
pass  a  current  through  an  electrolytic- cell  {see  Chapter  XV.  §  9). 

In  what  follows  we  shall  discuss  in  an  elementary  manner  the 
subject  of  thermo-cells,  taking  matters  in  the  following  order. 

(I.)  We  shall  first  give  the  main  facts,  established  by  experi- 
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■Dent,  as  to  the  construction  of  a  thermo-cell,  and  the  dependence 
0f  the  E.M.F.  on  the  nature  of  the  metals  employed  and  on  the 
temperatures  at  which  the  different  parts  of  the  cell  are  main^ 
•ained  (§§  2  to  7). 

-  (II.)  We  shall  give  some  account  of  the  facts  with  respect  to 
4he  Peltier  and  Thomson  effects  referred  to  above  (§§  8  and  9). 

(III.)  We  shall  say  something  with  respect  to  the  theory  of 
:^e  subject  (§§  10  and  11),  But,  as  is  usual  in  elementary  books, 
we  shall  not  deal  at  all  fully  with  the  theoretical  part  of  the  subject. 
;--  §  2.  The  Simple  Thermo-Cell.— If  a  circuit  be  made  of  two 
metals  A  and  B,  having  soldered  junctions  [one  of  which  we  de- 
note by  A|B,  the  other  by  B|A],  we  have  seen  that  the  two  metals 
are  as  a  rule  at  different  potentials,  but  that  there  is  no  current  (see 
Chapter  XL  §  3) ;  it  being  assumed  as  a  condition  that  the  whole 
drcuit  is  at  one  temperature. 

If,  however,  the  two  junctions  are  at  different  temperatures,  we 
find  in  general  that  a  current  flows  through  the  circuit,  or  that 


Fig.  i« 


Fig.  iu 


:here  is  in  the  circuit  under  these  conditions  a  resultant  E.M.F. 
The  reader  is  requested  to  notice  the  simple  manner  in  which  we 
lenote  the  junctions  across  which  we  pass  from  A  to  B,  and  from 
3  to  A,  respectively.) 

The  figures  here  given  indicate  two  equivalent  forms  of  the 
iimple  thermo-celL  We  may  either  have  the  two  metals  A  and  B 
mly,  with  A|B  at  /j®  C  aad  B|A  at  //  C  j  or  we  may  connect  A 
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ai)d  B  by  a  third  metal  1>,  having  both  the  junaions  A|D  aa 
r>|B  at  ^i"  C.  It  can  be  proved  experimentally,  and  it  foUoi 
from  Chapter  XI,  §  3,  that  the  two  forms  are  exactly  equivaleiiL 
§  3.  The  Thormo-Pile.— The  E.M.F.S  of  thermo-cellsarew 
small,  while  their  internal  resistance,  as  they  consist  entirely  of  n 
tallic  bars  or  thick  wires,  is  very  small.  Hence  it  is  usual  to  coq 
ii[>  many  simple  cells  in  series.  If  «  such  cells  be  coupled  up 
have  an  E.M.F.  that  is  n  times  the  E.M.F."of  one  cell,  while  I 
internal  resistance  is  still  small. 

LTLnj 


The  figure  here  given,  fig.  i.,  indicates  how  several  cells  ion 
be  joined  in  series.  It  is  evident  that  if  we  have  an  RM.F.  in 
case  (ii.)  of  the  last  section,  then  we  shall  in  the  present  case  han 
the  several  E.M.F.s  acting  in  the  same  direction. 

In  the  next  figures,  figs.  il.  and  iii.,  it  is  shown  how  sucli 
cells  may  be  packed  into  a  very  small  space.  NobiU  made  hH 
cells  of  thick  Bi  and  Sb  wire; 
and,  by  folding  the  cells  inW  | 
layers  with  insulating  m^teiial 
between,  he  packed  a  large 
number  of  cells  into  the  form 
of  a  cube.  The  opposite  faces 
of  this  cube  consisted  of  the 
alternate  sets  of  junctions;  so 
that  if  the  two  faces  were  es- 
''"^'  "'  *"^'  '""  posed   to   different    tempera- 

tures /,  and  /;,  then  the  alternate  junctions  were  heated  to  /(  and 
/■i  respectively,  as  in  fig.  i.  above. 

§  4.  Thenno-Eleotiic  Beriss. —Referring  to  the  simple  cell  of 
§  2,  it  may  be  stated  that  the  E.M.F.  depends  on  three  conditions. 
They  are 
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^, .     (a)  The  nature  of  the  metals. 

ar...     {d)  The  difference  of  temperature  of  the  two  junctions. 

{c)  The  absolute  temperature  of  the  junctions. 

1^-,  ■  Thus  we  have  {a)  a  different  E.M.F.  if  we  make  our  cell  {caUris 

0lg^ridus)  of  Bi  and  Fe  from  what  we  have  if  we  make  it  of  Bi  and 

|jf£>»    Again,  we  have  in  general  {d)  a  different  E.M.F.  if  the  differ- 

Lce  of  temperatures  of  the  junctions  be  20°  C,  from  what  we 

M^)i {cateris pariifus)  it  be  50°  C.    And,  finally,  we  have  in  general 

<^)  a  different  E.M.F.  if  the  junctions  be  at,  e,g,^  20°  C.  and  22° C. 

im  what  we  have  if  {ceteris paribus)  they  be  at  50°  C.  and  52°  C. 


Tkermo-electric  series  at  20®  C — Hence  we  cannot  give  a  list 
of  metals  showing  their  thermo-electric  relation  to  one  another 
for  all  temperatures,  but  only  for  some  stated  temperature. 

In  the  following  are  given  in  micro-volts  the  E.M.F.s  of 
various  cells,  one  metal  in  each  case  being  lead^  and  the  other  the 
toetal  opposite  to  which  the  number  stands.  The  junctions  in 
each  case  are  at  20 i®  C.  and  19^°  C.  respectively  ;  or  there  is  a 
temperature-difference  of  I  °C.,  while  the  mean  temperature  is  20°  C. 

For  the  metals  that  occur  higher  in  the  list  than  lead,  the 
Current  passes  from  that  metal  through  the  hotter  junction  to 
lead  ;  for  those  lower  in  the  list  than  lead^  the  current  passes  from 
^eai  to  that  metal  through  the  hotter  junction.  This  is  indicated 
by  the  sign  of  the  E  M.F.  Experiment  shows  also  that  the  E  M.F. 
t)f  a  cell  composed  of  any  two  metals  is  simply  the  algebraic 
difference  of  their  respective  E.M.F.s  with  reference  to  lead, 

(The  list  is  taken  from  Lupton's  Numerical  Tables.) 


E.M.F.S,  in  micro 

-volts,  of  cells  whose  junctions  are  at  20^*^  C.  and 

19^  C. 

respectively  ;  lead  being  one  of  the  metals  in  each  case. 

Bismuth,  pressed  ; 

comm.     +  97  'O 

Antimony,  pressed  . 

-2-8 

Bismuth,  pressed ; 

;  pure  .       89-0 

Silver,  pure  ;  hard  . 

-30 

Cobalt    . 

22-0 

Zinc,  pressed  ;  pure 

-37 

German  silver 

.       1175 

Copper,  electrolytic 

-3-8 

Mercury 

•418 

Antimony,        pressed  ; 

Lead 

o*o 

commercial          • 

—  6-0 

Tin 

—  -I 

Iron  wire,  soft 

-  17-5 

Copper,  comm. 

—  •! 

Antimony  crystal,  axial  . 

-  22-6 

Platinum 

.'      -  -9 

Antimony  crystal,  equatorial 

-  26-4 

Gold 

.      -  1-2 

Selenium        .         .         .      - 

-  807  -o 
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Explanation  of  table, — The  following  two  or  three  cases 
explain  further  what  the  table  means. 

(i.)  If  we  make  a  cell  of  cobalt  and  lead^  the  junctions  being 
20^  C.  and  19^'"'  C.,the  E.M.F.  will  be  22  x  10 -*  volts  ;  and  thccarJ] 
rent  will  pass  from  cobalt  to  lecul  through  the  hotter  junction. 

(ii.)  With  lead  and  silver  the  E.M.F.  is  3  x  10- «  volts  ;  and 
current  passes  from  lecul  to  silver  through  the  hotter  jimction. 

(iii.)  With  pure  bismuth  and  cobalt  xh^  E.M.F.  is  (89-22)  x  io"*»| 
67  X  10  ~^  volts  ;  and  the  current  passes  from  former  to  latter  1 
the  hotter  junction. 

(iv.)  With  cobalt  and  pure  silver  the  E.M.F.  is  [22  -  ( -  3)]  <  lo"*' 
25  X  10 -*  volts  ;  and  the  current  passes  from  former  to  latter  throagkj 
the  hotter  junction. 

Such  a  series  is  called  a  *  thermo-electric  series  at  the  tempera- 
ture (/>.  20°  C.)  in  question.' 

§  5.  Thermo-Eleotric  Powers. — The  effectiveness  of  any  par- 
ticular  cell  (/>.  a  cell  composed  of  any  two  specified  metals),  at  I 
any  specified  mean  temperature  f*  C,  may  be  reasonably  measured 
by  the  E.M.F.  of  the  cell  when  the  junctions  have  a  temperature 
difference  of  1°,  the  mean  temperature  being  /®  C. 

To  express  this  *  effectiveness '  we  use  the  term  thermo-eledrit 
power.  The  meaning  of  this  term  may  be  seen  from  the  following 
statement 

T/ie  thermo  electric  paiver  of  any  pair  of  metals  at  f  Cii 
measured  by  the  E,M,F,  of  a  cell  composed  of  these  metals  when  thm 
is  a  temperature  difference  of  1°  C,  betiveen  the  junctions^  the  mm  \ 
temperature  being  t^  C,     The  KM.F.s  are  usually  expressed  in 
micro-volts. 

The  more  exact  meaning  of  thertno-electric  poiver  may  perhaps 
be  further  explained  with  some  advantage.  It  is  found  experi- 
mentally that    if   the    junctions    are  at  any  two  temperatures 

/.,°  and  /i°  of  which  the  mean  is  /°,  and  if  E,  be  the  KM.F.  of  the 
cell  under  these  conditions,  then 

The  / her  mo-electric  po7ver  at  /°  C  = ^- 


2  ""'l 
/    _i_  / 

where     t  = 


.A  +^2 
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Example, — Thus,  if  30®  C.  were  taken  as  P  C,  we  have  the  thernio-electric 

e';;  e*'  e*' 

►^wer  at  30^  C.  given  by  any  such  fraction  as— 2.  — ^,  — iS!,  &c, 

2       20      40  ' 

Or  we  may  say  that  if  we  know  the  thermo-electric  power  at 

C,  in  micro- volts,  then  we  get  the  E.M.F.  in  micro- volts  when 

le  junctions  are  at  temperatures  (/  +  &y  C.  and  (/  —  0)®  C.  by 

lultiplying  the  thermo-electric  power  at  t^  C.  by  the  tempejature 

ilference  2  H, 

Note, — li  de  be  the  infinitesimal  E.M.F.  due  to  the  infinitesimal  difference 
9  in  temperature  of  the  junctions,  we  may  in  infinitesimal  notation  say  that . 

77ie  tJurmo-electric  pcnt/er  o^  /**  C.  =  I  -r^  I  . 

If  the  thermo-electric  power  of  a  single  metal  be  spoken  of,  it 
5  understood  that  lead  is  the  other  metaL 

A  metal  A  is  said  to  have  a  greater  thermo  electric  power  than 
I  metal  B  at  /°C  when  it  stands  higher  in  the  list  for  /°C.;  in 
his  case  the  current  passes  from  A  to  B  through  the  hotter 
unction. 

§  6.  The  Heutral  Point— It  is  found  experimentally  that  for 
ivery  pair  of  metals  there  is  a  particular  temperature  possessing 
Properties  to  be  described  in  the  present  section.  This  tempera- 
ure  is,  for  reasons  to  be  given  later  on,  called  *  the  neutral  point  * 
or  that  pair  of  metals,  and  is  usually  designated  by  the  letter  T. 
This  temperature,  T'  C,  is  different  for  each  pair  of  metals.  Sup- 
x)sing  that  we  are  dealing  with  two  metals  A  and  B,  whose  neutral 
K)int  is  T,  the  facts  observed  are  as  follows. 

(I.)  If  one  junction,  say  A  |  B,  be  at  T  while  the  other  junc- 
ion  be  at  some  higher  temperature  /j,  there  will  be  a  certain 

i.M.F.  which  we  may  call  E^',  and  the  current  will  pass  from  one 

letal  to  the  other  (say  from  A  to  B)  through  the  hotter  junction, 
e.  through  that  at  /].  We  should  for  these  temperatures  say  that 
L  is  above  B  in  the  thermo-electric  series.  The  higher  /j  be- 
omes,  the  greater  is  the  E.M.F. 

(II.)  If  the  temperature  of  the  other  junction  be  lowered  from 
;■  to  some  lower  temperature  /2>  step  by  step,  the  E.M.F.  (w^--*'* 

ne  may  now  call  E^')  decreases  step  by  step  ;  and  when  /| 


258 


ELECTRICITY 


CI.  vnA 


are  equidistant  from  T,  or  when  /j  —  T  =  T  —  Z^,  the  E.M.F.i5| 
zero. 

(III.)  If  the  temperature  of  the  junction  that  was  at  Tlx' 
lowered  still  further,  so  that  T  —  /j  is  greater  than  /j  —  T,  an  E.M.F. 
acting  in  a  reverse  direction  to  the  former  is  observed  This  in- 
creases step  by  step  as  the  temperature  /a  is  still  further  lowered 
step  by  step. 

(IV.)  If  now  the  upper  temperature  /j  be  brought  down  toT, 
this  reverse  E.M.F.  is  still  greater. 

We  find,  in  fact,  that  the  current  flows  from  A  to  B,  or  from 
B  to  A,  across  the  hotter  junction,  according  as  /,  —  T  is  greater 
or  less  than  T  —  /j  respectively  ;  or  that  A  and  B  change  their 


thermo-electric  order  when  the  mean  temperature 


tx+t. 


of  the 


junctions  crosses  the  neutral  temperature  T. 

(V.)  As  we  should  perhaps  have  anticipated  from  the  fect'that 
when  /i  —  T  =  T  -/a  we  get  no  E.M.F.,  we  find  that,  e,g.,  if  one 
junction  be  20®  above  the  neutral  point  T  while  the  other  is  io° 
below  it,  we  have  the  same  E.M.F.  as  if  the  former  were  20°  above 
T,  and  the  latter  were  10°  above  T.  It  is  usually  saiid  that  A  andB 
have  zero  thermo-electric  power  at  T  ;  and  that  above  T  and  below 
T  their  thermo-electric  powers  are  of  opposite  sign  respectively. 

Note. — In  more  advanced  treatises  it  will  be  found  that  certain  pairs  of 
metals  have  more  than  one  neutral  point.  But  such  cases  will  not  be  considered 
here. 

Experiment, — The  following  experiment  will  illustrate  the  above  statement. 
Round  the  ends  of  a  piece  of  iron  wire  are  twisted  two  pieces  of  copptr 

wire.       The    ends   of 
these    latter    are   con- 
nected,   by    means  of 
mercury  cups  m  /»',  with 
a  galvanometer  G.  This 
latter  must  be  delicate, 
and,  on  account  of  the 
higher  resistance  due  to 
the  bad  contact  of  the 
Cu  and  Fe,  it  may  be 
of  higher  resistance  than 
the  form  commonly  used  with  a  simple  thermo-cell.     The  end  A  is  left  at  the 
temperature  of  the  air,  say  about  20®  C,  while  the  end  B  is  heated  in  a 
Bunsen's  flame.     For  iron  and  copper  the  neutral  point  T  is  about  260®  C. 
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rises  in  temperature  an  increasing  current  is  observed  ;  its  directiun 
□wn  to  be  from  Cu  to  Fe  across  the  hotlei  junction.  This  current 
until  B  is  at  360'.  It  then  decreases,  and  becomes  zero  when  B  is  at 
i.t.  bierowben/,-T  =  T— /p  On  raising  B  above  500°  C.  acunem 
;ise  direction  is  observed  ;  and  this  increases  as  the  temperature  rises 


clear,  from  what  has  been  said  in  this  section  and  in  §  4, 
I  metals  A  and  B  have  zero  thermo-electric  power  at  their 
point  T. 

Thermo-Siagrftnu, — From  the  experimental  and  theoreti- 
stigations  of  Professor  Tait,  Sir  W.  Thomson,  and  others, 
nd  that  the  the rmo -relations  of  most  metals  for  all  temper- 
it  least  for  a  wide  range  of  temperature)  can  be  simply 
d  in  one  diagram.     We  shall  give  and  explain  this  graphic 

;  the  reader  understanding  that  the  construction  of  the 

follows  from 
r-i'meff/d/ results 
a   §§  s  and  6. 

O  p  is  the  axis 
linates,     along 

measurements 
It  micro-volts  ; 
°  is  the  axis  of 
:  along  which 
:ments  repre- 
rees  Centigrade. 
gram  is  drawn 
;  suitably,  so 
;  lengths  of  or- 

and  abscissae 
ro-voltsaniAe- 
speaively ;  but 
inates  and  ab- 

need  not  be 
:d  in  the  same 

length  respec- 

The  three  straight  lines  given  represent  the  metals  lead, 
',  and  metal  B,  respectively  ;  in  what  sense  they  '  repre- 
ese  metals  will  soon  be  seen, 
us  erect  ordinates  from  the  points  fj,  (,  and  t^,  oft  ^^'^wft. 
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O  /,  answering  to  the  temperatures  /.j^j  ^S  and  /,°  C.j respectively; 
and  let  A  L  and  B  L  measure  the  thermo-electric  powers  of 
viefa/  A,  and  meta/  B,  respectively,  with  respect  to  /ead  at  f  C, 
so  that  also  A  B  represents  the  thermo-electric  power  of  A  with 
respect  to  B  at  /®  C.     Let  /j  and  /a  be  equidistant  from  /,  so  that 

Then  by  simple  geometry  the  area  of  the  trapezium  Aj  A.^  L2  L| 
is  given  by  the  product  A  L  x  L|  L2  ;  that  is,  by  the  product 
of  the  thermo-electric  power  at  /**  C,  measured  by  AL,  into 
the  difference  of  temperature  /a  -  ^1  of  the  junctions,  measured 

by  L1L2 ;  where  /  = . 

But  by  the  result  of  experiment  as  given  in  §  5,  this  product 

gives  us  the  £,M.F,  E '  of  a  cell  composed  of  the  meta/  A  and 

kad^  in  which  the  junctions  are  at  t^  and  t\. 

Hence  we  have  that  if  the  line  A  L  measure  the  thermo-electric 
power  of  metal  A  with  respect  to  lead  at  /°  C,  then  the  ana 

Aj  A2  L2  Li  gives  the  E.M.K  E'"  of  the  cell  for  temperatures  t^ 

and  ^2  of  the  junctions  ;  where  /  is  the  mean  of  t^  and  /j. 

By  experiment  it  is  shown  that  this  is  true  for  all  temperatures, 
i.e.  wherever  /  be  taken. 

From  mathematical  reasoning  it  follows  that  if  the  line  repre- 
senting lead^  be  straight,  then  the  line  representing  the  metal  A 
must  also  be  straight.  This  line  can  therefore  be  determined  by 
finding  two  points  ;  or  by  determining  the  thermo-electric  power 
of  metal  A  at  two  temperatures. 

The  same  reasoning  applies  to  metal  B ;  so  that  the  area 
Bi  B2  L2  L|  measures  the  E.M.F.  of  a  cell  of  metal  B  and  lead  at 
temperatures  t^  and  /g- '      .      '      ;     | 

The  area  A,  A2  B2  B,  is  the  difference  of  these  areas  ;  and,  as 
experiment  shows,  measures  the  E.M.F.  of  a' cell  coniposed  of 
metal  A  and  metal  B  at  temperatures  /,  and  /j-  I^i  therefore,  we 
draw  a  straight  line  for  lead^  and  determine  straight  lines  for  other 
metals  (by  determining  their  thermo-electric  powers  with  respect  to 
lead  for  two  temperatures),  the  diagram  so  formed  gives  us 
measurements  of  the  E.M.F.  of  any  cell  at  any  two  temperatures 
of  junctions,  by  simple  measurement  of  areas.  Such  a  diagram, 
then,  expresses  the  results  of  experiment  given  in  §  5. 
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Now  we  will  show  more  clearly  how  the  properties  of  the 
neutral  point  are  exhibited  in  the  diagram. 

Suppose  that  the  lines  of  the  metals  A  and  B  cross  at  a  point  N 
lying  in  the  ordinate  from  the  temperature  T  on  the  axis  of  abscissae. 

We  noticed  that  A  B  measures  the  thermo-electric  power  of 
A  with  respect  to  B  at  /°  C.  Then  at  T**  C.  this  thermo-electric 
power  becomes  zero^  since  the  intercept  A  B  is  here  2i  point.  Hence 
'f  C.  must  be  the  neutral  point  of  the  two  metals. 

On  the  other  side  of  this  neutral  point  the  thermo-electric 
powers  and  E.M.F.s  are  reversed  in  sign,  but  are  otherwise 
measured  as  shown  above. 

If,  therefore,  we  reckon  any  area  such  as  N  B3  A3  as  negative 
in  sign,  it  is  clear  that  the  algebraic  sum  of  the  areas  A,  N  Bi  and 
N  B3  A3,  or  the  total  area  (having  regard  to  sign^  between  the 
lines  of  the  metals  and  the  two  ordinates  from  /,  and  /s  respec- 
tively, will  agree  with  the  experimental  results  of  §  6  in  measuring 
the  E.M.F.  of  the  cell  when  the  junctions  are  at  /,°  and/3^  respec- 
tively. When  /i  T  =  T  /<  the  areas  are  equal  and  their  algebraic 
sum  is  zero.  If  t^  were  still  further  on,  so  that  T  t^  were  greater 
than  /j  T,  the  sum  of  the  areas  would  change  sign  ;  indicating  the 
change  in  sign  of  the  E.M.F.  of  the  cell. 

Thus  the  diagram  conveniently  embodies  the  experimental 
results  referred  to  in  §§  5  and  6. 

On  the  next  page  we  give  a  diagram  in  which  the  lines  of  many 
metals  are  given.   After  the  above  discussion  it  needs  no  comment. 

Taifs formula, — The  area  of  any  trapezium,  such  as  A,  A2  Bo  B,, 
is  given  by  the  product  of  A  B  into  L,  L2,  or  by  the  breadth  of  the 
trapezium  into  the  mean  between  its  parallel  sides.  But,  from  the 
triangle  N  A|  B„  it  is  evident  that  A  B  is  proportional  to  T  —  / ; 

ix.  to  T '        **.      And  the  length  L,  L2  measures  t^^  t^. 

2 

Hence,  the  area  Ai  Aq  B2  Bj  is  proportional    to    the    product 

(^2  ~  A)  (T  — ! 2.)  ;  or  we  may  say  that,  for  the  two  metals 

in  question, 

e;;  =k{t^-  ty)  (t  -  '-^), 

where  ji  is  a  constant  depending  on  the  units  of  measurement 
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employed  and  upon  the  situation  of  the  lines  of  the  metals,  that  is 
u^9^  Ae  metals.  When  k  is  once  found  for  any  pair  of  metals, 
thj)  jEp^ula  can  then  be  used  for  all  changes  made  in  /j  and  t^  for 
thoee  two  metals. 

The  student  can,  though  not  quite  so  easily,  show  that  the 
abpfv^.^fixmula  represents  the  result  arrived  at  graphically  when 
the -tpO  temperatures  are  on  the  opposite  sides  of  the  neutral 
poinl^  attention  being  paid  to  the  fact  that  in  this  case  the  areas 
in  the:  diagram  are  of  contrary  signs. 

§  8,  Peltier  EflTeot ;  Obsexred  Facts.— We  have  seen  that,  when 
a  cuiieiit  is  passed  through  a  conductor,  heat  is  disengaged  at  a 
rate  proportional  to  the  resistance  of  the  conductor  2sA  to  the  square 
of  ike  atrrent'Sirength,    This  is  usually  called  ih^t  Joule  effect. 

In  1834  Peltier   discovered  that  when  an  electric  current 
passes  from  a  metal  A  to  a  metal  B  across  their  junction,  heat  is 
absoibed'or  given  out  at  this  junction.     The  absorption  takes 
place  if  A  have  a  higher  thermo-electric  power  than  B,  and  the 
disengagement  if  A  have  &  lower  thermo-electric  power  than  B. 
ThuSy  if  the  direction  of  the  current  be  reversed,  we  have  heating 
at  a  junction  where  before  there  was  cooling,  and  vice  versd.    This 
rate  at  which  the  heat  is  absorbed  or  evolved  is  found  to  depend 
upon  the  nature  of  the  metals  {not  upon  their  resistance),  upon 
the  te^^perature  of  the  junction^  and  upon  the  current- strength  (not 
upon  the  square  of  this).     It  is  thus  quite  distinct  from  the  Joule 
effect     This  latter  may  mask  the  Peltier  effect  if  the  current  be 
too  strong  or  the  resistance  at  the  junction  be  too  great.    How- 
ever, if  we  drive  the  same  current  first  in  one  direction  and  then 
in  the  other,  and  measure  the  heat  per  second  evolved,  we  obtain 
(Joule  effect) '\- (Peltier  effect\  and  (Joule  effect)  —  (Peltier  effect\  in 
the  two  cases  respectively. 

If  the  reader  will  refer  to  the  meaning  of  higher  '  thermo-electric 
power,'  given  earlier  in  §§  4  and  5,  he  will  see  that  the  above- 
stated  discovery  of  Peltier's  involves  the  following :  that  when  a 
current  is  passed  across  a  junction  this  will  be  so  heated  or  cooled 
as  to  originate  always  a  thermo-electric  E.M.F.  opposed  to  that  of 
the  current  in  question.  Thus,  if  A  have  a  higher  thermo-electric 
power  than  B,  and  if  the  current  pass  from  A  to  B,  we  have  stated 
that  the  junction  is  cooled  :  and  this  will  create  an  E.M.F.  tending 
to  drive  a  current  from  B  to  A  across  this  cooler  junction.     The 
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Peltier  effects  are  thus  analogous  (in  a  degree)  to  the  creation  of 
counter  E.M.F.s  arising  from  the  passage  of  a  current  throu{^ 
electrolytic  cells,  or  through  electro-motors  (see  Chapter  XXIV.). 

ExperinunU — A  cross  may  be  made  of  fairly  thick  bars  of  bismuth  (BF) 
and  antimony  (A  A')i  having  a  soldered  junction  at  m  ;  bars  3  inches  longand 
^  inch  diameter  will  answer  very  well.  Wires  from  the  ends  A  B  can  be 
connected  with  a  galvanometer  G  ;  and  wires  from  A'  B'  with  a  battery  not 
drawn  in  the  figure.     By  means  of  a  suitable  arrangement  of  mercury  cops 

these  connections,  of  A  B  with  the  galvanometer  and  of 
A'  B'  with  the  battery  respectively,  can  be  made  alto- 
nately  with  ease  ;  it  being  necessary  only  to  *  rock*  the 
cross  slightly. 

If  the  current  be  first  passed  from  Bi  to  Sb  through 
B'  A'  (the  former  metal  being  of  higher  thermo<«lcctric 
power  than  the  latter  at  usual  temperatures),  and  if 
A  and  B  be  then  connected  with  G,  the  deflexion  will  indicate  a  cooling  of 
the  junction.  [We  can  cool  the  junction  with  ether  and  observe  a  deflexion 
in  the  same  direction.] 

If  the  current  be  passed  through  A'B'  from  Sb  to  Bi,  and  if  then  A  6  be 
connected  with  G,  we  observe  a  deflexion  in  tVie  opposite  direction,  indicating 
that  the  junction  has  been  heated. 

Caution, — If  the  current  be  too  strong  the  general '  Joule  effect' 
heating  may  mask  the  Peltier  effect.  It  is  well  to  try  two  or  one 
Smee's  cells  ;  and,  if  the  current  is  too  strong  even  with  one  cell,  to 
mterpose  resistance  by  means  of  a  rheostat  or  resistance  box  until 
the  Peltier  effect  is  sufficiently  marked.  The  Joule  effect  falls  off,  as 
the  current  weakens,  as  the  square  of  the  ciurent ;  the  Peltier  effect 
only  as  the  current 

§  9.  The  '  Thomson  Effect.*— Sir  W.  Thomson  pointed  out 
the  existence  of  another  very  important  heat  phenomenon  ;  and 
Professor  Tait  continued  and  added  to  his  work.  The  combined 
result  may  be  given  somewhat  as  follows. 

*  In  general^  when  a  current  passes  through  any  portion  of  a 
homogeneous  conductor  where  the  temperature  is  not  uniform^  it  tends 
to  heat  or  to  cool  such  a  portion;  the  amount  of  the  action  at  each 
point  being  proportional  to  the  absolute  temperature  of  that  points 

Thus,  in  some  metals,  as  (e.g.)  in  copper^  the  current  passing 
from  a  cold  to  a  hot  region  absorbs  heat  throughout,  but  most  in 
the  hotter  region  whose  absolute  temperature  is  the  higher,  thus 
tending  to  reduce  temperature-difference  ;  while  when  it  passes 
from  hot  to  cold  it  disengages  heat  throughout,  but  most  in  the 
hotter  region,  thus  tending  to  exaggerate  tem^^^eratuie-difference. 
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In  other  metals,  as  {e.g.)  in  iron^  the  effect  is  just  the  reverse  ; 
1  these  the  passage  of  a  current  is  accompanied  by  an  absorption 
f  heat  when  passing  from  a  hot  to  a  cold  part,  and  by  an  evolution  ot 
teat  when  passing  from  a  cold  to  a  hot  part.  These  phenomena 
ire  known  as  the  '  Thomson  effects,'  and  they  have  been  found  to 
iccompany  the  passage  of  an  electric  current  in  all  simple  metals 
fith  the  exception  of  lead, 

A  little  consideration  will  show  that,  so  far  as  the  Thomson  effects 
ire  concerned,  an  electric  current  in  a  copper  conductor  behaves  in  an 
inalogous  manner  to  a  material  fluid  having  specific  heat  and  flowing 
iufiiciently  slowly  to  acquire  at  each  point  the  temperature  of  the  con- 
ductor at  that  point.  For  this  reason  the  effects  are  sometimes 
ascribed  to  a  specific  heat  possessed  by  electricity,  the  amount  of  heat 
absorbed  by  the  passage  of  a  unit  quantity  of  electricity  in  passing 
from  one  part  of  a  conductor  to  another  one  degree  higher  in  tempera- 
ture being  called  the  specific  Jieat  of  electricity  in  the  given  conductor. 
The  specific  heat  of  electricity  is  not  a  constant  quantity,  but  depends 
upon  the  conductor  in  which  it  flows.  To  account  for  the  Thomson 
efTect  in  iron,  electricity  must  be  supposed  to  possess  a  negative 
specific  heat  in  that  metal,  while  in  lead  it  is  zero.  In  all  cases  the 
specific  heat  of  electricity  is  found  to  vary  as  the  absolute  temperature. 

§  10.  Theory  of  the  Simple  Thermo-CeU. — We  shall  now  give 
•ome  account  of  the  theory  of  the  simple  thermo-cell.  But,  as 
'tated  earlier,  we  cannot  enter  at  all  fully  into  the  subject. 

(I.)  Two  metals  in  contact^  the  junctions  at  the  same  temper- 
ture. — It  seems  beyond  dispute  that  at  all  temperatures,  excepting 
^e  '  neutral  temperature,'  two  metals  in  contact  are  at  a  A  V  ;  the 
mount  of  this  A  V  depending  on  the  temperature.  Could  we 
iake  a  cell  of  two  metals  A  and  B  having  one  junction  A  |  B,  and 
len  join  the  other  ends  by  some  conductor  that  was  at  the  same 
otential  as  each  metal,  we  should  have  a  circuit  with  an  E.M.F.  in 
and  should  get  a  current.  But,  as  seen  in  Volta's  law  of  Chap- 
;r  XI.  §  3,  whether  we  join  the  other  extremities  direct  or  through 
lother  metal,  we  must  always  have  an  equal  and  opposite  A  V  at 
le  other  junction,  and  so  have  a  resultant  zero  E.M.F.  in  the  cir- 

jit.     If  A  I  B  represent  the  E.M.F.  from  A  to  B  at  the  one  junc- 

on,  and  B  |  A  the  E.M.F.  from  B  to  A  at  the  other  junction,  it 

e  t 

clear  that  A  |  B  =  —  B  |  A.     Hence,  as  we  go  completely  round 
le  circuit,  we  have,  in  the  notation  of  §  5 
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E  =  A|B  — A|B  =  O. 

(II.)  Two  metals  ;  the  junctions  at  different  temperatures ;  tk 
E.M.F,s  at  the  junctions  only  being  considered;  compare  m^ 
{IV,), — If  now  the  junctions  be  at  different  temperatures  t^  and  if,  .] 

we  shall  in  general  have  A  |  B  different  from  A  |  B.  Hence,  as 
regards  the  E.M.F.s  that  occur  at  the  junctions  only,  we  have 
a  resultant  E.M.F.  in  the  circuit  given  by 

E;=A|B- A|B. 

The  reader  must  observe  that  we  do  not  state  that  the  E.M.F.S 
at  the  junctions  are  the  only  E.M.F.s  in  the  circuit.  We  shall  see 
in  (IV.)  that  in  general  such  is  not  the  case.  These  junction- 
E,M,F,s  occur  abruptly^  and  may  be  measured  by  the  abrupt 
change  of  potential  that  occurs  at  the  junctions,  the  circuit  being  * 
broken  at  some  point  where  it  is  homogeneous  (/>.  not  at  a 
junction). 

(III.)  One  metal;  its  extremities  at  different  temperatures, — When 
any  metal  (the  one  known  exception  being  lead)  has  its  extremities 
at  different  temperatures  t^  and  /j,  there  is  in  general  an  E.M.F. 
either  from  hot  to  cold  or  from  cold  to  hot,  according  to  the 
nature  of  the  metal.     Thus,  in  the  two  cases  respectively,  it  will 
be  found  that  the  hotter  end  has  the  lower  or  the  higher  potential ; 
the  end  towards  which  the  E.M.F.  acts  being  raised  to  the  higher 
potential.     This  rise  or  fall  of  potential  is  gradual.     If  a  complete 
circuit  of  one  unequally  heated  metal  be  made,  there  will  be  no 
resultant  E.M.F.  if  the  temperatures  change  gradually  from  point* 
to  point ;  for  in  that  case  the  E.M.F.  due  to  the  rise  of  tempera- 
ture through  one  part  of  the  circuit  will  be  balanced  by  an  exactly 
equal  but  opposite  E.M.F.  due  to  the  fall  of  temperature  through 
the  rest  of  the  circuit.     This  will  be  true  even  if  the  rise  and  fall 
be  very  different  in  *  steepness  ' ;  provided  that  there  is  no  abrupt 
change  of  temperature  at  any  section.     If,  however — either  owing 
to  two  very  unequal  heated  ends  touching,  or  owing  to  a  very 
abrupt  alteration  in  the  diameter  of  the  conductor  at  any  point— »• 
there  be  some  abrupt  discontinuity  in  the  variation  of  temperature 
from  point  to  pomt,  then  there  will  be  in  general  a  resultant  E.M.F. 
in  the  circuit.     It  is  generally  said  that  this  is  the  case'when  there 
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nite  change  of  temperature  within  a  distance  so  small  that 
T  be  considered  to  be  within  the  limits  of  molecular  action, 
ch  a  case  there  is  a  AVoccurring  abruptly,  as  in  (II.). 
V.)    Two  metals  ;  the  junctions  at  different  temperatures;  the 
,J^,s    all  round  the  circuit  being  considered ;  compare  with 

f  there  be  two  metals  A  and  B  with  junctions  at  different  tem- 
tures,  the  total  E.M.F.  in  the  circuit  will  be  the  algebraic  sum 
;he  E.M.F.s  at  the  junctions)  +  (the  E.M.F.s  in  the  metals 
nd  B).  The  former  were  considered  in  (II.).  As  regards 
latter,  these  would  have  a  zero  sum  were  the  metals  the  same, 
tated  in  (III.).  But  in  general  a  metal  A  with  its  ends  at 
id  /i  does  not  give  the  same  E.M.F.  as  another  metal  B  with 
nds  at  ^2  ^i^d  h  \  ^^^  ^^  in  general  the  sum  of  these  '  gradual 
LF.s'  (as  we  may  call  them  to  distinguish  them  from  the 
ipt  junction-E.M.F.s)  is  not  zero.  In  the  case  of  lead 
e  is  no  E.M.F.  due  to  its  unequal  heating.  Hence,  in  a  cell 
irhich  one  metal  is  lead  we  have  a  somewhat  simpler  sum  of 
[.F.s  in  the  circuit. 

[V.)  Thus  when  the  current  is  running  in  a  thermo-cell  of 
tions  at  i^  and  t^  respectively,  the  distribution  of  potential 
he  circuit  is  a  resultant  distribution  comprising  three  com- 
bats. 

1)  The  abrupt  changes  of  potential  at  the  junctions.  These 
sure    what    we  may  call  the  junction- EM. F.s  or  Peltier- 

r.Ks. 

ii.)  The  rises  and  falls  of  potential  occurring  gradually  along 
conductors,  due  to  the  unequal  heating  of  these  conductors, 
se  measure  what  we  may  call  the  Thomson-E.M.F.s. 
ill.)  The  regular  fall  of  potential  that  follows  Ohm's  law, 
ussed  in  Chapter  XIII. 

rhe  total  E.M.F.  in  the  circuit  could  be  measured  by  break- 
the  circuit  at  some  place  where  it  is  homogeneous  {i.e.  not  at 
nction)  and  measuring  the  A  V  between  the  broken  ends. 
[VI.)  Experiment  tends  to  show  that  at  the  neutral  point  T°  C 
wo  metals  A  and  B  there  is  no  junction  E.M.F.  between 
n,  though  this  is  hardly  certain ;  and  most  certainly  shows  that 
L  cell  where  the  junctions  have  T°  C.  as  their  mean  tempera- 
L  the  total  E.M.F.  in  the  circuit  is  zero. 
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The  above  statements  represent,  in  a  necessarily  very  iii 
feet  form,  the  present  views  as  to  the  sources  of  the  E.M.F. 
thermo-cell. 

For  practical  purposes  it  is  simpler  to  depend  upon  the  diag 
and  formula  of  §  7  ;  since  these  (when  fully  given)  embody  all 
known  results  of  experiment. 

§  1 1.  Theory  of  the  Peltier  and  Thomson  Effects. 

(I.)  Let  there  be  a  cell  of  two  metals  A  and  B  whose  junct 
are  at  t.^^  C.  and  /,°  C.  respectively.  We  will  suppose,  for  the! 
of  more  clearly  defining  the  particular  case  that  we  at  first  ( 
sider,  that  t^  is  higher  than  /,,  and  that  both  temperatures 
above  T  ;  further  we  will  suppose  that,  for  temperatures  abov< 
the  metal  B  is  of  higher  thermo-electric  power  than  A.  Th 
the  case  in  which  the  total  E.M.F.  in  the  circuit  is  represented 
the  area  B3  B4  A4  A3  in  the  diagram,  fig.  i.,  of  §  7. 

(II.)  When  a  current  is  running  we  have  manifested  elecd 
energy.  If  this  energy  be  not  converted  (in  part)  into  chemi 
potential-energy  or  into  mechanical  or  other  energy,  it  will  all 
converted  finally  into  heat  energy. 

Now  this  electrical  energy  must  have  been  derived  from  » 
original  form  of  energy  of  which  an  equivalent  amount  must  \ 
disappeared. 

In  the  voltaic-cell  it  was  chemical-potential-energy  that  we 
used  up. 

But  in  the  thermo-cell  the  only  available  source  of  ener^ 
the  heat  energy  supi)lied  to  the  cell  by  a  flame  or  other  sourc 
heat. 

(III.)  When,  therefore,  the  current  does  no  other  work  iti 
be  that  (i.)heat  energy  is  absorbed,  and  disappears,  somewhe 
the  circuit ;  (ii.)  this  is  transformed  into  an  equivalent  ami 
of  electrical  energy  ;  (iii.)  and  this  again  is  finally  transfer 
into  an  equivalent  of  heat  energy,  distributed  over  the  ci 
according  to  the  resistances  of  the  several  portions  of  the  circ 

The  question  arises,  from  what  part  of  the  circuit  is  the  ori] 
heat  energy  derived  ? 

(IV.)  In  attempting  to  answer  this  question  theoreticall) 
must  be  guided  mainly  by  two  considerations.  Firstly^  we 
feel  sure  that  the  well-established  law  of  *  Degradation  of  em 
will  hold  here  as  in  all  the  phenomena  of  inanimate  nature. 
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the  source  of  heat  must  be  on  the  whole  the  hotter  part  of  the 
:1 ;  and  the  general  result  of  the  action  must  be  that  the  tem- 
ratures  of  the  cell  tend  to  become  equalised.  Secondly^  we  must 
nember  that  when  a  current  runs  against  an  E.M.F.  work  is 
•ne  ;  and,  if  the  work  takes  no  other  form,  it  will  appear  as  heat 
olved.  Further,  it  seems  almost  certain  that  this  heat  will  be 
olved  in  that  portion  of  the  conductor  in  which  the  work  is  done, 
k  in  which  the  E.M.F.  lies.  Conversely,  when  a  current  runs 
ith  an  E.M.F.,  this  E.M.F.  does  work  on  the  current ;  and,  when 
>  heat  is  supplied,  this  work  will  be  done  at  the  expense  of  heat 
Msorbed  from  the  conductor ;  further,  it  seems  dmost  certain 
kat  this  heat  will  be  absorbed  from  that  portion  of  the  conductor 
t  "which  the  E.M.F.  lies. 

(V.)  The  consideration  of  (IV.)  will  lead  us  to  predict  that,  on 
le  whole,  the  hotter  portion  of  the  cell  will  be  cooled  and  the 
□oler  portion  will  be  heated  \  while  some  of  the  heat  derived 
'om  the  hotter  portion  of  the  cell  will,  after  passing  through  the 
itermediate  form  of  electrical  energy,  reappear  as  heat  distributed 
Dund  the  circuit  in  accordance  with  Joule's  law. 

(VI.)  Where  the  current  crosses  a  section  {e^.  a  junction  of 
•ro  different  metals)  at  which  occurs  an  abrupt  E.M.F.,  or  \see 
k  10  (V.)]  a  *  Peltier  E.M.F.,'  there  we  should  expect  to  have 
leat  absorbed  or  given  out  according  as  the  current  flows  with  the 
S.M.F.  or  against  it  respectively. 

Such  an  absorption  or  disengagement  of  heat,  occurring  at  a 
tiere  section  and  not  over  any  finite  length  of  the  conductor,  is 
:he  true  Peltier  effect  referred  to  in  §  8. 

There  is  probably  no  Peltier  effect  when  the  junction  of  the 
two  metals  is  at  their  neutral  temperature  T  ;  for  it  seems  probable 
:hat  at  that  temperature  the  two  metals  are  as  one. 

(VII.)  Where  the  current  flows  through  an  unequally  heated 
netal,  it  flows  (in  all  metals  excepting  lead)  with  or  against  the 
Thomson  E,M,F.  spoken  of  in  (III.)  and  (V.)  of  §  10. 

We  should  then  expect  heat  to  be  absorbed  or  given  out  re- 
jpectively,  over  a  finite  length  of  the  conductor  in  question.  This 
IS,  in  fact,  observed  in  the  Thomson  effect  of  §  9. 

Since  the  unequally  heated  ends  of  each  metal  are  at  the  two 
junctions,  the  result  of  the  Thomson  effect  will  be  to  alter  the 
temperatures  of  the  two  junctions.     Unless,  therefore,  special  ex- 
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periments  are  performed  from  which  we  can  calculate  each 
separately,  we  shall  in  general  observe  the  sum  of  these  two  e 
(/>.  of  the  Peltier  and  Thomson  effects)  at  the  junctions,  andi 
not  be  able  to  ascribe  the  heating  or  cooling  of  the  junctions 
the  Peltier  effect  only. 

(VIII.)  We  may  then  say  that  the  transformations  of  energy  i 
ferred  to  in  (IV.)  and  (V.)  take  place  through  the  intermediencyi 
the  Peltier  and  Thomson  effects  together. 

When  the  hotter  junction  is  at  the  neutral  temperature 
then  if  the  Peltier  effect  be  zero,  heat  energy  must  be  sup[ 
through  the  intermediency  of  the  Thomson  effect  only. 

(IX.)  Now  let  us  suppose  that  we  cease  to  supply  heat 
external  sources.     The  junctions  will  arrive  at  the  same  temj 
ture,  by  the  cooling  of  the  hotter  and  the  heating  of  the 
junction. 

If  now  the  current  be  continued  from  some  external  source  i 
the  same  direction  as  before,  there  is  no  reason  for  supposing 
the  above  Peltier  effects  would  cease,  though  there  would  now 
no  Thomson  effects,  since  the  metals  are  at  one  temperature.   Wc 
should  predict  then  that  the  junction  which  was  the  hotter  won 
now  become  the  cooler,  and  conversely. 

This  would  raise  up  an  E.M.F.  opposed  to  the  former  E.M.F,] 
and  therefore  opposed  to  the  current  that  is  flowing. 

Some  such  reasoning  as  the  foregoing  would  therefore  lead  us 
to  predict  the  ordinary  case  of  the  Peltier  effect  \  the  case,  namely, 
where  a  current  is  sent  across  a  junction  of  two  metals  A  and  B, 
and  where  it  is  found  that  the  junction  is  so  heated  or  cooled  as 
always  to  raise  up  an  E.M.F.  opposing  the  current,  provided  that 
the  junction  is  not  at  the  neutral  temperature.  In  other  words, 
there  will  be  heating  or  cooling  according  as  the  current  flows  from 
the  metal  of  lower,  to  the  metal  of  higher,  thermo-electric  power, 
or  vice  versd. 


The  whole  of  the  above  reasoning  is  necessarily  rather  of  the 
nature  of  guessing  at  probable  results  than  of  strict  argument 
The  fact  is  that  the  theory  of  thermo-cells  is  beyond  the  scope  of 
an  elementary  book. 
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CHAPTER   XVII. 

GALVANOMETERS  ;   WITH   A   PRELIMINARY   ACCOUNT   OF   THE 
MAGNETIC  ACTIONS  OF  CURRENTS. 

§  I.  Xagnetic  Field  about  a  Simple  Bectilinear  Current. — We 
will  now  turn  our  attention  to  the  very  important  class  of  pheno- 
mena coming  under  the  head  of  *  the  magnetic  actions  of  currents^ 

On  these  magnetic  phenomena  depend  the  construction  and 
use  of  that  important  class  of  instruments  called  galvanometers^ 
whose  use,  as  current  detectois  and  current  measurers,  is  so  essen- 
tial in  the  modern  science  of  electricity. 

In  the  present  Chapter  we  propose  describing  various  forms  of 
galvanometers.  But,  in  order  the  better  to  understand  their  theory, 
we  shall  give  some  preliminary  account  of  the  magnetic  fields  due 
to  electric  currents  ;  leaving,  however,  the  main  part  of  this  impor- 
tant subject  to  be  pursued  further  in  Chapters  XVIII.-XX. 

When  a  conductor  is  charged  statically  with  electricity,  we 
have  about  it  what  we  call  an  electrostatic  field.  This  field  acts 
on  a  -H-  unit  of  electricity  in  lines  of  force  that  run  to  or  from  the 
conductor,  as  explained  in  Chapter  X.  The  case  of  a  conductor 
carr)'irtg  a  current  is  very  different.  It  is  true  that  still  a  4-  unit 
of  electricity  would  in  general  find  a  field  of  force  about  the  con- 
ductor, for  this  conductor  will  be  in  general  at  potentials  different 
from  that  of  the  earth,  and  different  from  point  to  point  of  the 
conductor. 

But  this  electrostatic  field  is  quite  unimportant  and  negligible 
compared  with  the  new  field  of  force  that  springs  into  existence 
directly  the  'electricity'  moves,  or  directly  there  is  a  current.  This 
new  field  is  a  magnetic  field  \  and  we  shall  therefore  consider  its 
action,  not  on  a  -f  unit  of  electricity,  but  on  a  +  unit  magnetic 
pole. 
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It  is  easily  shown  by  direct  experiment  that  the  lines  of  font 
in  which  this  field  urges  our  unit  pole  form  circles  round  theme 
that  carries  the  current,  so  that  a  pole  is  urged,  not  to  orfromlhe 
wire,  but  continually  round  and  round  it  (the  wire  being 
straight).  Etch  line  of  force  is  a  closed  circle  (not  a  spiral),  Ijioj 
in  a  plane  perpendicular  to  the  rectilineal  wire,  and  haring 
centre  in  this  wire.  'I'he  field  is  weaker  further  from  the  lii^ 
and  stronger  nearer  to  the  wire. 

As  with  the  electrostatic  field  in  Chapter  X.  §§  13  and  n,!0 
with  a  magnetic  field  we  can  mark  out  a  certain  number  of  lina 
of  force  and  leave  in  the  field  such  a  selection  that  the 
piercing  i  sq.  cm.  held  perpendicularly  to  the  lines  at  anypUceio 
the  field  measures  the  strength  of  the  field  at  that  place,  it.  giw 
the  number  of  dynes  with  which  a  unit  m^:netic  pole  would  be 
urged  at  that  place. 

ExferliiuHlt.  —  (i. )  A  hole  is  bored  (with  ■  bow  drill  aitd 
sheet  of  glass,  and  a  wire  carrying  a  current  ia  passed  through  this  bolt  p<^ 
pendicularly  to  the  glass  plate. 

On  {lassing  a  strong  current,  and  scattering  iron  filings  on  the  plile,  tba 
katter  will  (on  lapping  the  plate)  be  observed  to  arrange  themselvi 


1^ 


centric  circles  alxjut  the  hule  as  centre.  If  the  wire  be  not  perpendiculai  to 
the  plate,  the  lines  will  be  ellipse-shaped.  This  indicates  that  the  lines  of 
force  are  circles  lying  in  planes  perpendicular  to  Ihe  wire. 

(iL )  If  the  wire  lie  on  the  plate,  we  find  the  filings  arranged  in  stra^lU 
lines  perpendicular  to  the  wire.     These  straight  lines  are  Ihe  sections  of  the 
Ic  circles,  made  by  the  plate. 
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Now  let  a  magnetic  needle,  so  balanced  as  to  turn  any  way,  be 
placed  near  such  a  current ;  and  let  us  for  the  present  consider 
only  the  field  due  to  the  current,  leaving  the  earth's  field  out  of 
the  question.     It  is  clear  that  the  needle  can  be  in  equilibrium 
only  when  it  lies  in  the  plane  passing  through  its  point  of  sus- 
pension and  perpendicular  to  the  wire  carrying  the  current ;  and 
when,  further,  its  poles  are  equidistant  from  the  wire.     If  it  is  very 
small  it  may  be  said  to  come  to  rest  when  it  lies  in  (or  is  tangent 
to)  one  of  the  above  circular  lines  of  force.  (Compare  Chapter  II. 
§  II.)     In  such  a  position  its  poles  are  urged  by  equal  forces 
tending  in  opposite  directions  round  the  wire  ;  these  equal  forces 
being  inclined  at  equal  angles  with  the  needle,  since  this  forms  a 
chord  of  the  circular  line  of  force. 

This  pair  of  forces  will  direct  the  needle  as  stated,  and  will 
also  give  a  resultant  urging  the  needle  broadside-on  towards  the 
wire.  The  reader  should  make  the  above  clear  to  himself  by 
means  of  a  figure. 

(lii. )  A  magnetic  needle  is  fixed  on  a  cork,  and  so  floats  on  the  surface 
of  water.      To  one   side   of  the   needle   is   placed   a  wire   perpendicularly 
^0  the  surface  of  the  water,  and  a  strong  current  is  passed  through  the  wire. 
^^  is  better  so  to  place  the  wire,  and  to  pass  the  current  in  such  a  direc- 
tion  that  the  action  of  the  current  is  not  opposed  to  that  of  the  earth,  but 
sets  "with  it.     It  will  then  be  observed  that  the  needle  will  be  dragged  into  a 
position  in  which  its  poles  lie  on  the  circumference  of  a  circle  which  has  for 
Us  centre  the  point  where  the  wire  cuts  the  water,  t.e,  lie  on  the  same  circular 
line  of  force ;  and  that  then  the  needle  will  be  urged  broadside-on  towards  the 
wire. 

(iv.)  In  the  same  way  are  steel  or  iron  filings  urged  broadside-on  towards 
a  wire  carrying  a  current,  and  caused  to  adhere  to  it,  the  filings  having  become 
*  magnetic  needles'  by  the  inductive  action  of  the  field.  They  are  thus 
arranged  in  very  close  circles  round  the  wire.  (In  the  case  of  a  magnetised 
steel  wire  the  filings  adhere  end-on^  pointing  along  the  lines  of  force  that  in 
this  case  radiate ^^w  the  wire:) 

§  2.  The  +  and  —  Directions  of  fhe  Lines  of  Force.— It  is 
easily  shown,  by  experiment  with  a  magnetic  needle,  that  the  + 
and  —  directions  of  the  lines  of  force  are  given  by  either  of  the 
following  rules. 

(I.)  AmpM's  rule. — ^  If  one  swims  with  the  current  (i.e.  so 
that  it  flows  from  feet  to  head)  and  looks  at  a  n-seeking  (or  H-) 
pole^  this 'will  be  urged  to  one's  left  hand.  A  s-seeking  (or  — )  pole 
tvill be  urged  to  one's  right  hand' 
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Oersteifs  experiment. — The  his- 
toric experiment  of  Oersted  illus- 
trates well  this  rule  of  Ampere.  The 
figure  here  given  sufficiently  explains 
this  simple  experiment. 

(II.)  Another  form  of  the 
rule  is  often  very  useful.  No 
one  who  has  driven  in  an  ordi- 
nary (or  right-handed)  screw 
can  forget  how  the  hand  turns 
as  tne  screw  advances  away  from  the  person  driving  it  As  one 
drives  it  from  one,  the  hand  turns  as  do  the  hands  of  a  clod 
that  faces  one.  Now  the  above  experimental  rule  of  Ampere 
means  that  if  the  current  advances  with  the  screw,  a  +  pole  is  urged 
round  it  in  the  direction  in  which  the  screw  turns.  And  since 
the  direction  in  which  a  +  pole  is  urged  gives  us  the  +  direction 
of  the  lines  of  force,  we  may  give  the  following  rule. 

*  The  +  direction  of  the  lines  of  force  about  a  wire  carrying  a 
current  is  associated  with  the  direction  of  the  current  in  Just  the  sam 
way  as  the  direction  of  rotation  of  an  ordinary  {or  right-handei) 
screiu  is  associated  ivith  the  direction  of  the  onward  motfement  of  the 
scre7vJ 

(III.)  Field  due  to  a  circle  of  7vire  carrying  a  current, — If  the 
wire  be  bent  into  a  circle  it  will  easily  be  understood  that  at  the 
centre  of  the  circle  all  the  lines  of  force  there  combine  to  give  a 
line  of  force  running  perpendicularly  to  the  plane  of  the  circle. 
To  any  side  of  this  line  the  lines  of  force  bend  away  ;  they  ulti- 
mately curve  completely  round  the  wire  and  run  into  themselves 
again.  Thus  there  is,  if  we  wish  to  be  very  exact,  only  one  straight 
line  of  force,  viz.  that  which  runs  through  the  centre  of  the  circle 
peri^endicularly  to  its  plane.  [Mathematicians  would  say  that  the 
two  ends  of  this  line  join  at  infinity,  so  that  it  also  forms  a  'closed 
curve.']  But  practically,  if  we  take  a  portion  of  the  field  that  is 
near  the  centre  of  the  circular  current  and  is  small  as  compared 
with  the  diameter  of  the  circle,  we  may  consider  this  portion  to  be 
uniform,  and  to  have  its  lines  all  running  perpendicular  to  the 
plane  of  the  circle. 

A  little  consideration  will  show  us  that  the  same  'right-handed 
^crew  relation  '  holds  here  in  this  somewhat  converse  case.     If  we 
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follow  this  central  line  of  force  in  its  +  direction  (/>.  if  we  travel 
as  a  +  pole  is  urged),  then  the  current  round  the  circle  is  asso- 
■  dated  with  our  direction  of  movement  as  the  direction  of  rotation 
of  a  screw  is  associated  with  its  onward  movement.  £.g.y  if  we  face 
a  circle  in  which  the  current  goes  dock-wise  (i.e.  as  do  the  hands 
of  a  clock  when  we  face  it)  our  +  pole  is  urged  towards  this 
circle. 

§  3.  Simple  Form  of  Galvanometer. — If  we  balance  a  mag- 
netic needle  so  that  it  moves  in  a  horizontal  plane,  it  will  come  to 
rest  when  it  is  in  the  plane  of  the  magnetic  meridian.  If  we  de- 
flect it  from  this  position  of  rest,  there  will  be  a  couple  due  to  the 
horizontal  component  of  the  earth's  field  tending  to  restore  it  to 
its  original  position  of  rest. 

Now  let  a  loop  of  wire  be  passed  round  the  needle,  above  and 
below  It,  so  that  its  plane  coincides  with  the  plane  of  the  magnetic 
meridian.   The  figure  here  given  exhibits 
^is  simple  arrangement 

If  a  current  be  passed  round  this  wire 

^oop,  it  is  easy  to  see  that  the  upper  and 

^^e    lower  wires  give  fields  about  the 

'Jeedle  in  the  same  direction,  tending  to 

^t  it  at  right  angles  to  the  plane  of  the 

Wp,  i,e.  at  right  angles  to  the  plane  of 

^be  magnetic  meridian. 

^ow  the  earth's  couple  is  greatest 
>Yhen  the  needle  stands  E.  and  W.,  and  is  zero  when  the  needle 
stands  N.  and  S. ;  while  the  converse  is  the  case  with  the  current's 
couple. 

Hence  the  needle  will  settle  at  some  angle  6  of  deflexion  from 
the  magnetic  meridian  ;  the  magnitude  of  ©  (cceteris  paribus)  de- 
pending  upon  the  current-strength. 


Such  is  the  principle  of  the  galvanometer.     In  §§  5,  6,  12,  1 3, 

14,  15,  w^e  shall  describe  instruments  designed  for  measurement  of 

currents.     In  §§  7,  8,  9,  10,  11,  the  instruments  described  are 

mainly  for  detection  of  very  small  currents.     (For  further  general 

remarks  on  galvanometers,  see  §  16.) 

§  4.  Eelation  of  Strength  of  Field  to  Current-Strength.— 
It  can  be  shown  that  strength  of  field  is  (cceteris  pc^ribus)  directly 
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proportional  to  strength  of  current  \  the  strength  of  field  being 
measured,  e,g.^  by  the  vibration  method  of  Chapter  III.§§  3and6. 

We  make  a  vertical  frame,  round  which  insulated  wire  may  be 
wound,  and  place  it  in  the  plane  of  the  magnetic  meridian.  In 
the  centre  of  this  frame  the  needle  vibrates  under  the  field  due  to 
earth  and  current  together. 

We  then  try  the  effect  of  having  one^  two,  three^  &c.,  turns  of 
wire  round  the  frame.  By  including  in  the  circuit  a  rheostat,  by 
means  of  which  more  or  less  resistance  may  be  introduced,  and 
an  auxiliary  galvanometer  whose  deflexion  we  thus  keep  constant, 
we  can  insure  the  constancy  of  the  current  that  we  employ. 

We  then  compare  the  fields,  as  in  Chapter  III.  §  3,  and  show 
that  the  above  law  holds.  It  is  easy  to  show  that  the  field  depends 
strictly  upon  current-strength  and  not  upon  current-density ;  that 
is,  upon  the  quantity  per  second  passing  over  any  section  of  the 
conductor,  not  upon  whether  this  current  forms  (so  to  speak)  a 
broad  slow  stream  or  a  quick  narrow  one. 

Experiment. — One  way  of  proving  the  above  is  to  show  that  when  a  current 
flows  through  a  thick  wire,  and  returns  through  a  thin  wire  wound  round  the 
former,  the  total  resultant  magnetic  field  is  zero.  This  is  another  example  of 
proving  equality  by  means  of  the  'zero  method.* 

The  reader  will  observe  that  from  this  it  follows,  as  assumed 
above,  that  with  the  same  current  n  turns  of  wire  act  as  one  turn 
carrying  n  times  this  current.  Hence,  the  law  stated  at  the  begin- 
ning of  this  section  is  proved  by  the  method  given,  in  which  we 
employ  one^  two^  three^  &c.,  turns  of  wire. 

§  5.  The  Tangent  Oalvanometer. — The  simplest  form  of  true 
goXwzxiometer  (or  current-measurer)  is  that  called  the  tangent- 
galvanometer.  Referring  to  §  2  (III.),  we  shall  see  that  about 
the  centre  of  a  circular  wire  carrying  a  current  the  field  may  be 
considered  uniform.  Or,  if  a  needle  whose  length  is  small  as 
compared  with  the  diameter  of  the  circle  (see  note  (iii.)  at  end  of 
this  section)  be  suspended  at  the  centre,  then,  however  much  it 
be  deflected  it  will  remain  practically  in  the  same  strength  of  field 
as  long  as  the  current  remains  constant 

If  then  we  can  measure  the  sti  ength  of  this  field  by  the  amount 
of  deflexion,  we  measure  at  the  same  time  the  current  that  gives 
rise  to  the  field  ;  whereas,  if  the  needle  were  too  long  or  situated 
unsymmetrically  with  respect  to  the  circle,  the  needle  would,  for 
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same  current,  pass  into  different  strengths  of  field  according 


in  which  latter  case  we  could 


Fig.  L 


file 

^o  the  extent  of  its  deflexion 
mneasure  the  fields  but  not 
the  current. 

Fig.  i.  gives  a  general 
^iew  of  the  tangent  galvano- 
meter. There  is  usually  a 
short  needle  provided  with 
a  long  and  light  index  that 
moves  rcund  a  graduated 
circle.  Very  often  arrange- 
ments are  made  by  means  of 
which  we  can  either  use  one 
thick  circle  of  copper  for  very 
powerful  currents,  or  two  or 
more  turns  of  wire  for  cur- 
rents not  so  strong  {see%  7). 
This  circle  or  coil  is  placed 
in  the  plane  of  the  magnetic 
meridian.  In  fig.  ii.  we  are 
supposed  to  be  looking  down 
from  above,  and  so  to  be 
viewing  the  top  of  the  circle 
of  copper  and  the  needle, 
projected  together  on  to  a 
horizontal  plane. 

G  G'  is  part  of  the  pro- 
jection of  the  copper  circle ; 
it  lies,  as  mentioned  in  §  3, 
in  the  magnetic  meridian. 
ns  represents  the  needle; 
this  lies  in  reality  below 
GG',  at  the  centre  of  the 
circle  of  which  GG'  is  the 
top.  The  dotted  lines  run- 
ning parallel  to  GG'  repre- 
sent   the    direction    of   the 

earth's  horizontal  field,  H  ;  those  perpendicular  to  G  G'  represent 
the  field  I  due  to  the  current. 
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Using  the  notation  of  Chapter  III.  we  have  that 

(i.)  Earth's  couple  acting  on  needle  is  H  /i  I  sin  a. 
(ii.)  Current's  couple  acting  on  needle  is  I  /i  I  cos  «. 
When  there  is  equilibrium  we  must  have  these  couples  equal ;  or 

H  fi  I  sin  a  =  I  ft  I  cos  cf. 
Whence  I  =  H  .  tan  a. 

Now,  in  the  present  case  we  have  said  that  whatever  be  tiie 
deflexion  of  the  needle  we  may  consider  I  to  be  constant  while 
the  current  is  so,  and  to  be  directly  proportional  to  the  current  C 
Hence  we  may  write  C  =^  I,  where  k  is  some  constant  depending 
on  the  dimensions  of  the  coil,  the  number  of  turns  of  wire,  and 
the  unit  of  current  that  we  employ. 

We  have  then  C  =^H  .  /^«  n. 

Hence  with  the  same  instrument,  and  with  H  the  same,  the 
current  is  proportional  to  the  tangent  of  the  angle  of  deflexion; 
whence  the  name  of  this  instrument. 

It  is  clear  that  it  can  be  used  for  currents  up  to  any  strength, 
s'nce  tan  a  can  have  any  value.  But  it  fails  to  give  accurate 
measurement  if  a  exceed  (say)  about  70°,  since  then  large  changes 
in  current  give  small  changes  in  «.  ,  The  best  angle  of  deflexion 
is  about  45°,  as  may  be  shown  mathematically. 

Notes. — (i. )  Other  forms  of  the  instrument,  —  In  Gaugain*s  form  we  have  the  I 
needle  placed  in  the  axis  of  the  coil,  at  a  distance  from  the  centre  of  the  coil  \ 
al)Out  one-fourth  of  its  mean  diameter.  In  Helmholtz*s  modiBcation  of 
Gaugain's  instrument  there  are  tivo  coils  lying  symmetrically  on  either  side  of 
the  needle,  and  the  wires  are  wound  on  small  portions  of  cones,  of  which,  if 
completed,  the  centre  of  the  needle  would  be  the  common  apex.  Such  an 
arrangement  gives  a  more  uniform  field,  and  permits  one  to  use  a  somewhat 
larger  needle. 

(ii.)  To  set  the  coil  in  the  magnetic  meridian, — When  the  coil  is  in  the 
magnetic  meridian,  the  same  current,  passed  in  opposite  directions,  should  give 
opposite  deflexions  of  equal  magnitude.  The  coil  should  be  adjusted  until  this 
is  the  case. 

(iii. )  As  regards  the  relative  dimensions  of  needle  and  diameter  of  coil, 
giving  results  accurate  enough  for  practical  purposes,  we  quote  here  the  follow- 
ing authorities. 

JViedemann  (*Die  Lehre  von  der  Electricitat,*  iii.  247)  gives  length  of 
needle  at  most  one-eighth  diameter  of  coil. 

Kempe  (*  Handbook  of  Electrical  Testing,*  p.  18)  gives  needle  about  J-inch 
ior  a  6-inch  or  7 -inch  ring,  as  accurate  enough  for  most  purposes. 

aS.  /*.  Thompson  giveii  length  oC  tv^^dle,  ^Vioul  ot^e.-t.eutK  of  diameter  of  coil. 
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Brirugh  gives  needle  one-sixth  of  diameter  of  coil. 

Andrew  Gray  gives  neeille  I  aalimilre  for  coil  of  diameter  IJ  ce/tliiiiit, 
in  a  standard  insliument. 

Hence,  needle  one- tenth  ofdiameterorcoil  seems  a  good  relative  dim 
§  6.  The  Sine  Oalvuiometer. — Fig.  i.  shows  us  a  somewhat 
different  fomi  of  galvanometer.  Here  the  coil  turns  round  on  a 
vertical  axis,  the  movement  being  measured  over  a  horizontal 
graduated  circle.  As  before,  the  coil  is  initially  in  the  plane  of 
the  magnetic  meridian.  * 

We  may  here  turn  the  coil  until  the  current  does  not  affect  the 


be  that  the  lines  of  force  due 


needle  at  all.    In  this  pcisi 

to  current  coincide  with 

those    of   the    earth,    or 

the  coil  is  due  magnetic 

east  and  west.    We  then 

turn  the  coil  backihrough 

90°   over    its    graduated 

scale,  and  it  will  lie  in 

the  plane  of  the  magnetic 

meridian. 

When  the  needle  is 

deflected  the  coil  Js 
turned  in  the  same  di- 
rection ;  and  finally,  if 
the  current  be  not  too 
strong,  can  be  brought 
again  directly  over  the 
needle.  When  this  is 
the  case  we  note  the 
angle  »  through  which 
the  coils  have  been 
turned.  .The  current  will 
be  proportional  to  sin  a. 

Fig.  ii.  shows  us  the  theory  of  this  instrument.  In  it  is  re- 
presented the  final  position  of  equilibrium,  in  which  the  coil  G  G' 
lies  again  over  the  needle  at  an  angle  n  from  the  magnetic  meri- 
dian N  S.     Since  now  the  lines  of  force  due  to  the  current  are 

perpendicular  to  the  needle,  we  have 

j  (i.)  Current's  couple  =  \  iil. 

-{  (ii.)  Earth's  couple  =  H  /j  /.  sin  a. 
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With  similar  reasoning  to  that  given  in  the  last  section  we  have 
finally 

C=^  kH  ,  si'na 

whence  the  name  of  the  instrument 

It  is  evident  that  we  cannot,  without  using  shunts,  measure 
any  current  exceeding  ^  H,  since  the  greatest  value  of  sin  «  is  i, 

which  it  has  when  a  =  90°, 
or  when  the  needle  stands 
E.  and  W.  With  a  larger 
current  we  should  chase  the 
needle  completely  round. 

Since  the  coil  is  always 
over  the  needle  we  may 
have  this  of  any  length  u 
please,  for  it  will  always  be 
in  the  same  part  of  the  cur- 
rent's field. 

§  7.  Tlie     Xultiplying 

^.i      Galvanometer. — ^The  extent 

of  deflexion  of  the  needle 

depends  upon  the  strength 

of  the  magnetic  field  due  to 

Fig.  ii.  the  Current. 

With  the  same  current, 
this  can  be  multiplied  many-fold  by  passing  the  wire  many  times 
round  the  needle.  In  fact,  we  wind  the  wire  in  a  coil  and  suspend 
the  needle  inside  it. 

The  advantage  of  this  can  be  demonstrated  as  in  §  4. 
A  figure  of  a  multiplier  is  shown  in  the  next  section. 
§  8.  Astatic  Galvanometer;  Two  Needles. — In  the  last  section 
we  showed  how  to  increase  the  current's  action  on  the  needle  by 
increasing  the  field- strength  due  to  the  current. 

There  is  another  very  effective  manner  in  which  the  deflexion 
for  a  given  current  may  be  almost  indefinitely  increased.  This 
other  method  is  based  upon  the  device  of  making  the  earth^s  re- 
storing couple  as  weak  as  we  please^  while  we  leave  the  current's 
deflecting  couple  unaltered. 

We  cannot  do  this  by  weakening  the  magnetic  moment  of  a 
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leedle  ;  since,  as  we  see  in  the  formulae  of  §§  5  and  6,  we 

then  weaken  equally  the  current's  action  on  the  needle. 

we  can  so  combine  two  needles  that  they  form  with  re- 

)  the  earth  a  smgle  needle  of  as  small  a  magnetic  moment 

lease  ;  while,  by  coiling  the  wire  round  one  needle  only,  we 

ise  the  current  to  act  on  a  single  needle  of  considerable 

ic  moment 

ystem  of  needles  on  which  the  earth  has  little  (or,  strictlj', 

ion,  is  called  an  ailalic  system  ;   and  3  galvanometer  in 

luch  a  system  is 

ed  is  called  an 

galvanometer. 

;re  are  two  com- 

ns   that   give    us 

ient  astatic  sjs- 

Let    us  connect 

two  needles  ns 
s'  of  nearly  eijual 
h,  so  that,  when 
are  suspended, 
re  in  [he  same 
1  plane ;  the  poles 
directed  opposite 

If  « J  be  some 
he  stronger,  the 
edles  will  act  utM 

to  the  earth  as 
edle  of  the  same 

/,  but  of  pole 
h  measured  by 
fference  (u— f  ) , 
It    the    magnetic 

It  with  -espect  to  the  earth  is  /(^— ^  )  ind  may  be  very 
ndeed  by  having  the  pole  strengths  n  and  (i  nearly  equal 
e  coils  of  the  galvanometer,  however,  as  seen  in  the  figure 

irranged  that  one  needle  of  moment  /i  /  is  in  the  strong 
rthin  the  coil ,  while  the  other  needle,  ^'/,  inasmuch  as  it 
rsed  in  direction  and  is  also  in  the  re^e^se  field  above  the 
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coil,  is  acted  upon  by  a  weaker  couple  in  the  same  direction  as  is 
the  lower  needle. 

Thus  we  can,  by  making  the  pole-strengths  /i  and  //  very 
nearly  equal,  cause  the  earth's  restoring  couple  to  become  very 
small,  without  diminishing  the  deflecting  couple ;  and  so  can 
cause  the  galvanometer  to  become  very  sensitive. 

(ii.)  Next  let  two  needles  be  fixed  and  suspended  as  before, 
but  let  the  vertical  planes  through  them  make  some  small  angle  0 
with  each  other.      In  fig.   ii.   we  give  a  projection  of  the  two 

needles   as   viewed  from  above. 

Let  them  further  be   of  equal 

strength,  so  that  ft  =  /i'. 

Then   it  is  pretty  clear  that 

with  respect  to  the  earth  they  will 
act  as  a  short  needle  n"  s"  whose  axis  is  at  Q,  standing  at  right 
angles  to  the  bisector  of  the  an^h  i^ ;  its  pole-strength  being  2//, 

its  length  beings"  s"  or  isin  -.     It  follows  that  its  magnetic  mo- 

ment  will  be  2  /* .  /  sin  -.     This  can  be  made  as  small  as  possible 

by  making  fl  as  small  as  we  please.  It  is  to  be  observed  that  the 
needles  will  stand  so  that  n"  s"  is  in  the  magnetic  meridian  ;  or 
the  general  direction  of  the  two  needles  themselves  will  be  E 
and  \V.     The  action  of  the  current  is  as  before. 

§  9.  The  * ControUmg  Magnet'  Method.— A  needle  balanced 
so  as  to  move  in  a  horizontal  field  is  influenced  by  the  horizontal 
comix)nent   of  the   earth's  field  only,   as  we  have  said  before. 
Now  we  may  superimpose  on  this  horizontal  field  another  due  to 
a  magnet  ;  and,  if  the  lines  of  force  of  this  field  run  parallel  to 
those  of  the  earth's,  but  in  an  opposite  direction,  we  may  weaken, 
to  any  desired   extent,  the  resultant  field   in  which  the  needle 
moves,  by  suitably  adjusting  the  strength  of  the  magnet's  field.  The 
most  convenient  arrangement  is  to  have  a  magnet  directly  above 
the  needle,  capable  of  being  slided  up  or  down  a  metal  stem  so 
as  to  make  the  field  about  the  needle  weaker  or  stronger  ;  and 
also  capable  of  revolving  in  a  horizontal  plane  about  the  stem,  so 
that  it  may  either  stand  in  the  magnetic  meridian  or  may  make 
any  angle  with  the  meridian. 
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For  our  present  purpose  our  object  is  to  leave  the  needle 
irected  in  the  magnetic  meridian  by  a  very  weak  resultant 
eld. 

,.    We  thus  should  have  the  magnet's  field  a  little  weaker  than  the 
C^h's,  and  opposite  in  direction. 

The  needle  is  acted  upon  by  the  current  as  before ;  and,  as 
"tte  restoring  couple  is  very  small  owing  to  the  weakness  of  the 
i^^^oring  field,  the  instrument  may  be  very  sensitive. 
^  .     'Ve  may  add  that  in  the  most  sensitive  instruments  the  methods 
-^  are  combined. 

Thomson's  Mirror  Galvanometer.— The  trans- 
^  x\s  by  means   of  interruptions  and   reversals  of 

.currci..^.  c  described  in  a  future  Chapter.     At  present  we 

f  will  merely  observe  that  galvanometers  will  indicate  such  reversals 
and  interruptions,  and  so  will  serve  as  instruments  to  receive 
signals  of  this  nature.  We  shall  see  in  a  later  Chapter  that  when 
such  signals  are  sent  through  long  submarine  cables,  the  currents 
are  very  small  on  account  of  the  great  resistance  ;  and  further, 
that  interruptions  and  reversals  lose  their  abrupt  character  and 
become  mere  fluctuations  in  the  weak  current  transmitted. 

To  indicate  such  weak  currents  and  such  slight  fluctuations, 
Sir  W.  Thomson  invented  a  form  of  galvanometer  without  which 
signals  by  cable  would  hardly  have  been  possible. 

In  his  mirror  galvanometer  we  may  notice  the  following  main 
points  of  interest. 

(i.)  As  the  instrument  is  usually  intended  to  be  used  in  circuits 
where  the  resistance  is  already  very  great,  there  are  often  many 
thousand  turns  of  (necessarily)  fine  wire  ;  this  *  multiplies '  the 
strength  of  the  field  due  to  the  current  without  perceptibly 
diminishing  this  latter.  For  the  total  resistance  will  not  relatively 
be  much  increased. 

(ii )  The  *  needle '  is  •  a  very  small  bit  of  magnetised  watch- 
spring.  Having  little  mass  and  inertia,  its  movements  follow  any 
fluctuations  in  the  current  almost  instantaneously. 

(iii.)  A  controlling  magnet  enables  one  to  vary  the  sensitive- 
ness of  the  instrument  at  will,  as  explained  in  §  9. 

(iv.)  The  same  controlling  magnet  enables  one,  if  need  be,  to 
bring  the  needle  to  rest  in  any  position  ;  and.  aided  by  the  method 
of  suspension  mentioned  below,  to  work  the  instrument  even  on 
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oard  ship.  In  such  cases  we  over-compensate  the  earth's  field 
iid  direct  the  needle  by  the  magnet  alone.  The  fibres  supporting 
he  needle  are  fixed  at  top  and  bottom,  and  so  prevent  it  from 
vinging  against  the  sides  of  the  coil  in  which  it  works. 

(v.)  To  the  needle  is  attached  a  very  light  mirror.  A  beam 
rom  a  lamp  falls  upon  this,  and  the  reflected  ray  gives  as  index 
spot  of  light  that  moves  over  a  graduated  scale. 

We  thus  (as  in  the  case  of  the  quadrant  electrometer  of 
'hapter  X.  §  33)  can  have  an  index  as  long  as  we  please,  possess- 
ig  no  mass  or  inertia. 

The  figure  on  the  opposite  page  indicates  the  coil,  lamp,  beam 
id  its  reflection,  scale,  and  controlling  magnet  placed  above  the 
)il.  The  needle  and  mirror  are  inside  the  coil  and  are  not  seen, 
n  additional  controlling  magnet  T  is  sometimes  of  service  in 
inging  back  the  spot  of  light  to  the  zero  mark. 

JVbtes. — (i.)  The  mirror  may  be  concave  or  plane.  In  the  latter  case  an 
xiliary  lens  is  used,  in  order  to  bring  the  reflected  beam  to  a  focus  on  the 
a.le. 

(ii.)  Either  in  the  reading  of,  or  in  the  construction  of,  the  scale,  we  must 
ake  allowance  for  the  fact  (proved  by  elementary  optics)  that  if  the  needle 
id  mirror  be  displaced  through  an  angle  6®,  the  reflected  beam  is  displaced 
rough  an  angle  2  (P. 

§  1 1.  The  Differential  Oalyanometer.— In  the  diflerential 
ilvanometer  the  needle  is  suspended  symmetrically  between  two 
:>ils.     These  coils  must  fulfil  the  following  requirements. 

(i.)  Their  resistance  must  be  exactly  equal,  so  that  equal 
^M.F.s  at  the  terminals  give  equal  currents. 

(ii.)  Equal  currents  in  the  same  direction  must  give  equal  but 
pposite  fields  about  the  needle  ;  so  that,  when  the  same  current 
I  the  same  direction  is  passing  through  the  two,  the  needle  is  un- 
[fected. 

An  exact  test  that  these  conditions  are  fulfilled  is  to  send  the 
rme  current  through  two  coils  coupled  end-on,  so  that  the  current 
isses  in  the  same  direction  through  each  coil.  The  needle 
lould  not  be  affected.  Usually  a  small  portion  of  one  coil  is  left 
oveable,  iallowing  exact  adjustment  to  be  made  when  the  in- 
rument  is  used. 

It  is  clear  that  by  coupling  the  coils  suitably  this  instrument 
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may  be  used  as  an  ordinary  galvanometer,  the  two  coils  giving 
fields  acting  on  the  needle  in  the  same  direction. 

The  differential  galvanometer  has  several  uses,  (i.)  One  use  is  to 
compare  resistances  ;  the  method  is  somewhat  as  follows.  A  current 
is  divided  into  two  branches,  passing  through  the  two  coils  respectively. 
Since  the  resistances  of  these  are  equal,  the  currents  will  also  be  equal 
and  the  needle  will  be  unaffected.  The  unknown  resistance  is  now 
introduced  into  one  branch,  thus  causing  an  unequal  distribution  of 
the  two  currents.  Then  known  resistances  are  introduced  into  the 
other  branch  until  the  needle  returns  again  to  zero.  When  this  is  the 
case  the  resistances  must  be  equal.  In  this  method  we  are  indepen- 
dent of  changes  in  the  E.M.F.  of  the  battery. 

(ii.)  Another,  less  simple,  use  of  this  instrument  is  given  in 
Fleeming  Jenkin's  *  Electricity,'  p.  242,  to  which  book  we  refer  the 
student  for  details  as  to  this  method. 

We  will  only  say  here  that  by  shunting  one  branch  of  the  galvano- 
meter we  may  either  measure  a  small  resistance  to  a  small  fraction  of 
an  ohm^  or  may  measure  a  resistance  which  is  a  large  multiple  of  the 
greatest  resistance  contained  in  the  resistance  box. 

§  12.  The  Ballistic  Oalyanometer. — As  we  have  seen,  a 
current  can  be  measured  by  the  couple  that  it  exerts  (if  we  may 
use  the  expression)  on  a  needle  in  an  instrument  of  known  con- 
struction ;  this  couple  depending  also  in  a  known  way  on  the 
angle  that  the  needle  makes  with  the  plane  of  the  coil. 

Now  quantity  of  electricity  is  given  by  {current)  x  {time). 
Hence  we  can,  in  the  case  of  steady  currents,  measure  the  total 
quantity  of  electricity  that  has  passed  by  means  of  the  tangent 
galvanometer,  by  observing  both  current  and  time  of  duration. 

But  supposing  that  we  wish,  eg.,  to  measure  the  quantity  of 
electricity  in  a  condenser  by  discharging  it  through  a  galvano- 
meter. In  the  ordinary  case  we  have  a  current  whose  strength 
rises  from  zero  to  a  maximum,  and  then  falls  again  to  zero.  While 
it  passes  the  needle  is  deflected,  and  part  acts  when  the  arm  of 
the  couple  is  the  full  length  /  of  the  needle,  pait  when  the  arm  is 
t  cos  0  {see  §  5),  where  6  rises  from  zero  to  a  maximum  and  then 
decreases  again.  It  is  impossible,  under  these  conditions,  to  calcu- 
late in  any  simple  way  the  total  quantity  that,  has  passed  In  order 
to  do  this  an  instrument  is  devised  analogous  to  the  ballistic 
pendulum  used  in  mechanics.  In  this  latter  instrument  we  can 
estimate  what  are  usually  called  *  impulsive  forces,'  or  *  impulses,' 
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allowing  them  to  act  on  such  a  massive  and  slowly-movin:^ 
dulum  that  there  is  no  appreciable  change  of  position  until 
impulses  have  ceased  to  act.     The  impulses  thus  act  on  the 
ulum  in  one  known  position  (viz.  when  it  is  hanging  vertically) ; 
the  sum  total  of  these  impulses  can  be  deduced  from  the 
i^j^nt  to  which  the  pendulum  swings,  its  mass  and  dimensions 
^^awf^g  known. 

~    In  the  ballistic  galvanometer  we  have  a  needle  of  such  a  mass 
i  it  does  not  move  appreciably  from  zero  until  the  discharge  has 
itirely  passed.     Thus  each  portion  of  the  discharge  acts  on  the 
le  with  couples  whose  arms  are  all  the  length  /  of  the  needle. 
The  extent  of  swing  of  the  needle  then  depends  solely  upon  the 
^•tim   of   {each    airrent-strength)  x  {the    infinitesimal  time  durinf^ 
^^hich  it  remains  constant).     In  spite  of  the  fact  that  the  current 
^changes  continuously,  thus  making  this  *'sum '  a  matter  for  the 
•"infinitesimal  calculus,'  even  a  beginner  can  see  that  the  sum  of 
«j11  the  products  above  given  measures  the  total  quantity  of  elec- 
tricity that  has  passed.    If  Q  be  this  quantity,  and  ^  be  the  maximum 
«ngle  of  deflexion  of  the  needle,  it  can  be  shown  that     .... 

Q  =  ^ .  j/>/  _ 
2 

where  >^  is  a  constant  depending  upon  the  construction  of  the  in- 
strument and  upon  the  strength  H  of  the  earth's  horizontal  field. 
This  constant  can  be  found  or 
calculated. 

Note.—1\i'^  student  can  find  the 
proof  of  the  above  formula  in  more 
advanced  books. 

Use  of  ballistic  galvanometer, 
— We  may  use  the  foregoing  in- 
strument to  measure,  or  compare, 
the  capacities  of  condensers.  In 
the  accompanying  figure  xy  abx^K 
condenser.  The  plates  ab  are  to 
earth,  while  the  opposite  plates  xy 
can  be  connected,  by  means  of  a 

key  M,«M^rwith  the  pole  P  of  a  battery,  ^r  with  the  one  terminal  of  a 
ballistic  galvanometer  G.  The  other  pole  C  of  the  battery,  and  the 
other  terminal  *  of  the  galvanometer,  are  to  earth.     When  the  plates 
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xy  are  connected  with  the  pole  P  of  the  battery,  the  condenser 

charged  so  that  xy  are  at  a  potential  V,  while  a  b  are  at  zero  pote&-|.T 

tial.      (It  is  clear  that  V  measures  the  unpolarised  E.M.F.  of 

battery,  for  the  other  pole  C  is  to  earth,  and  there  is  no  permaQCBtj 

current.) 

Then  if  K  be  the  capacity  of  the  condenser,  the  quantity  Q  of  tlK| ' 

charge  will  be 

Q.-K..V 

where  Qj  is  in  coulombs^  if  V  is  in  volts  and  K,  is  va  far(di\^\ 
Chapter  XVIII.  §4). 

Now  let  the  condenser  be  discharged  through  the  ballistic  galvano-' 
meter. 

The  total  impulse  given  to  the  needle  is,  we  have  seen,  directly 
proportional  to  Q ;  and  this  impulse  is  also,  we  have  stated,  proper* 

tional  to  sin  ^  ,  for  mechanical  reasons  that  we  have  not  given;  ^i 
being,  as  above,  the  *  angle  of  throw '  of  the  needle. 

k  B 

Hence  we  have  K,  =  =,,sin  -*. 

*      V  2 


2 


So,  for  another  condenser,  we  have  Kj  =  —  .  sin  -J ;  whence   .  1 


We  can  thus  compare  any  condensers  with  standards,  or  with  each 

other. 

Note. — Let  /  be  the  time  in  seconds  of  a  complete  to-and-fro  oscilktkm  ol 
the  needle  when  no  current  passes.  Let  B  measure  the  angle  of  throw  in  some 
unit  of  angle  such  as  degrees.  Let  r,  measure  in  ohms  that  resistance  throogt 
which  the  E.M.F.  measured  by  \  {see  above)  would  drive  a  steady  current 
giving  a  permanent  deflexion  of  one  unit  of  angle — the  same  unit  as  is  used  ii 
measuring  9.  And  let  K  be  the  capacity  of  the  condenser  in  farads.  Then  i 
can  be  shown  that » 


K  = 


t.stn- 
2 


ir.  r 


This  formula  is  given  in  Fleeming  Jenkin*s  *  Electricity.'  The  more  ma? 
sive  the  needle,  and  the  less  friction  there  is  in  its  movement,  the  truer  is  thi 
formula. 
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§  13.  Sir  W.  Thornton's  'Graded'  Potential  Oalvanometer 

— ^To  meet  the  present  requiremenls  of  exact  electrical  measure- 
ment, Sir  W.  Thomson  has  invented  two  galvanometers  of  con- 
venient form  and  of  wide  range  of  sensibility,  the  one  designed  es- 
pecially for  measurements  of  E.M.F.s  or  of  potential  differences, 
the  other  for  measurements  of  currents.  In  both  there  are  arrange- 
ments for  altering  to  a  known  extent  and  through  a  wide  range 
the  sensibility  of  the  instrument ;  and  both  are  so  marked  by  the 
makers  that,  with  simple  corrections  for  the  strength  of  the 
earth's  horizontal  field  H  at  each  place,  results  can  be  read  off  in 
Tolls  and  ampb-es  respectively.  For  these  reasons  the  instru- 
ments are  called  'graded  galvanometers.  A  very  full  account  of 
Ihem  is  given  in  Gray's  '  Absolute  Measurements  in  Electricity 
and  Magnetism.'  They  have  not,  however,  for  reasons  alluded  to  in 
5  T7,sacisfied  practical  requirements.  Sir  W.  Thomson  has  since 
invented  other  instruments,  alluded  to  at  the  end  of  Chapter  XXV. 

The  volt-meter  galvanometer.^lYic  general  principle  of  a  volt- 
meter galvanometer  has  been  already  explained  in  Chapter  XIV.  §  11, 

In  the  figure  C  is  the  coil.  This  has  a  great  number  of  turns  of 
wire,  and  a  large  resistance,  generally  exceeding  5,000  ohms. 


M  is  the  magnetometer,  or  system  of  needles.  This  consists  of  a 
system  of  short  needles,  parallel  to  one  another,  disposed  symmetri- 
cally about  a  common  pivot.  We  can  consider  this  system  to  be 
equivalent  to  one  short  needle,  and  shall  often  speak  of  it  as  'the 
needle.'  To  this  is  rigidly  fixed  a  long  and  light  aluminium  index, 
standing  at  right  angles  to  the  direction  of  the  needle.  It  is  this  index 
that  is  seen  in  the  figure.     It  moves  over  a  scale  properly  graduated. 

Over  the  magnetometer  and  resting  on  the  magnetometer  box,  but 
removable  at  pleasure,  is  seen  a  semicircular  magnet     By  the  use  of 
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this  magnet  the  ^  restoring-field''  (which  would  otherwise  be  only  the 
earth  s  horizontal  field  H)  may  be  much  increased  in  strength.  Further, 
when  the  magnet  is  used,  any  error  in  the  measurement  of  H  at  any 
particular  place  will  be  a  smaller  percentage  of  the  whole  field  than  it 
would  be  if  H  alone  were  the  whole  field,  and  so  will  cause  a  smaller 
error  in  the  measurements  made  with  the  instrument,  providing  that 
the  field  due  to  the  magnet  is  known.  (This  latter  has,  in  practice,  to 
be  re-determined  from  time  to  time.)  But  it  must  be  remembered  that, 
according  to  the  principle  of  §  9,  any  strengthening  of  the  restoring- 
field  diminishes  the  sensibility  of  the  instrument. 

The  instrument  is  so  constructed  that  the  axis  of  the  coil  C,  along 
which  runs  the  central  line  of  force  (see  (III.)  of  §  2),  passes  through 
the  point  of  suspension  of  the  needle,  and  thus  the  current  tends  to 
direct  the  needle  along  the  line  of  the  axis  of  the  coiL 

On  the  other  hand,  the  magnet  is  so  placed  that  its  mag^netic  axis 
passes  through  the  point  of  suspension  of  the  needle,  in .  a  direction 
perpendicular  to  the  last. 

When  used,  the  instrument  is  levelled,  and  is  so  placed  diflt-l 
planes  of  the  coil  and  of  the  magnet  are  in  the  magnetic 
When  this  is  the  case,  the  index  should  stand  at  zero  when  no 
passes,  and  equal  currents  in  opposite  directions  should  give  C| 
deflexions  from  zero. 

In  this  position  we  have  as  a  restoring-field  the  earth's  horizoabi 
field  H,  to  which  may  be  added  at  pleasure  the  stronger  horizontal 
field  due  to  the  magnet,  coinciding  in  direction  with  H.  The  duct- 
ing field  ^xx'^  to  the  coil  is  horizontal,  and  is  perpendicular  10  the  last 
field.  Thus  the  theory  of  the  instrument^  since  its  needle  is  relatively 
short  and  moves  in  a  uniform  field,  is  that  of  the  tangent  galvanometer. 

The  sensitiveness  of  the  instrument  can  be  varied,  both  abruptly, 
by  means  of  the  magnet,  which  may  be  used  or  removed,  and  also, 
step  by  step,  by  sliding  the  magnetometer  box  nearer  to,  or  further 
from,  the  coil.  The  feet  of  the  box  slide  in  a  groove  in  such  a  way 
that  the  whole  moves  parallel  to  itself,  while  the  point  of  suspension 
of  the  needle  moves  along  the  axis  of  the  coil.  Instructions  as  to  the 
conversion  of  the  readings  into  volts  under  all  conditions  of  sensitive- 
ness are  sent  with  each  instrument. 

The  terminals  are  of  an  ingenious  construction,  designed  partly  to 
obviate  accidents  in  measuring  very  large  aV.s,  and  the  Meads'  are 
so  arranged  that  the  current  passing  through  them  has  no  action  on 
the  needle. 

§  14.  Sir  W.  Thomson's  Graded  Current  Oalyanometer.— In 

the  construction  of  the  last  instrument  it  was  desired  to  measure 
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'tte  -iV  between  two  points  without  appreciably  diminishing  this 
-JV  by  lessening  the  resistance  between  them.  Hence  we  saw 
•hat  the  coil  was  made  of  a  very  high  resistance. 

In  the  present  case  it  is  desired  to  measure  currents  without 
^preciably  diminishing  them  by  the  introduction  of  resistance. 
The  coil,  therefore,  must  be  of  as  low  a  resistance  as  is  consistent 
with  the  requisite  sensitiveness. 

The  cumnt  galvanometer,  or  am-meler,  is  in  genera.!  construction 
almost  identical  with  the  last.    But  the  coil  is  composed  of  a  few  turns 


I  copper  wire,  or  copper  strip,  of  a  resistance  equal  to  about 

;  okm.    There  is  also  a  special  arrangement  of  the  terminals,  to 

enienees  or  accidents  in  dealing  with  large  currents,  and 

'leads'  are  so  arranged  thai  the  current  passing  through  them  has 

n  the  needle. 
§  15.  Weber'i  Eleetro-Dyiiamometer. 

It  is  sometimes  desired  to  measure  currents  by  some  instrument 

that  does  not  depend  upon  the  magnitude  of  the  earth's  field  of  force 

at  any  particular  place— in  fact,  to  construct  an  instrument  that  can  be 

-  used  without  reference  to  the  variable  quantity  '  H,'  that  has  appeared 

in  the  formulse  of  the  preceding  instrumems. 

Now  we  shall  see  in  later  Chapters  that  a  coil  carrying  a  current 
acts  as  a  magnet  of  the  same  shape  whose  poles  answer  to  the  two 
faces  of  the  coil.  It  is  found  that  the  magnetic  moment  of  such  a  coil 
depends  solely  upon  its  shape  and  the  strength  of  the  current  flowing 
through  it ;  so  that,  as  long  as  these  remain  constant,  we  have  an 
absolutely  invariable  magnetic  needle. 

Let  the  large  coit  of  g  ;  (or  one  with  more  turns  of  wire,  if  suitable 
for  the  purpose)  stand  with  its  plane  vertical  and  coinciding  with  tlie 
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plane  of  the  magnetic  meridian.  And  let  there  be  suspended  at  its 
centre  by  a  *  torsion  wire '  a  relatively  small  coil,  whose /aces  are  turned 
due  magnetic  N  and  S,  and  whose  plane  therefore  is  perpendicular  to 
that  of  the  larger  coil. 

If  a  current  be  passed  in  the  right  direction  through  the  small 
moveable  coil,  it  will  be  in  equilibrium  with  respect  to  the  earth's  hori- 
zontal field,  since  its  faces  (or  poles)  are  turned  N  and  S.     If  anotbff 
current  be  passed  through  the  larger  coil,  the  field  due  to  this  will  act 
on  the  smaller  coil,  tending  to  set  it  parallel  to  the  larger.     We  mi^kt 
have  given  the  small  coil  free  suspension,  and  have  used  the  small  coil, 
as  we  used  the  needle  in  §  5.     But  since  we  wish  to  get  rid  of  H  from 
the  formula  of  calculation,  we  twist  the  torsion  wire  until  we  bring  the 
small  coil  back  to  its  zero  position,  in  which  the  earth's  field  did  not 
act  on  it.     The  angle  of  torsion  then  measures  the  couple  with  which 
(to  speak  intelligibly  enough,  even  if  not  very  accurately)  the  large  coil 
acts  on  the  smaller. 

We  have  then  a  balance  between — (i.)  the  torsion  of  the  wire 
on  the  one  hand,  and  (ii.)  the  electro-magnetic  couple  between 
the  coils  on  the  other.  •  The  former  can  be  determined  by  ordinary 
mechanical  methods,  and  the  latter  depends  (in  a  manner  known  to 
those  who  have  studied  the  theory  of  electro-mag^netic  actions)  on  the 
dimensions  of  the  coils,  and  on  the  product  of  the  strengths  of  the  two 
currents.  Thus,  for  each  instrument  a  formula  can  be  once  for  sJl 
constructed,  giving  the  value  of  one  current  when  the  other  is  known. 

If  we  pass  the  same  current  through  both  coils,  then  we  can  measure 
this  current  by  measuring  only  the  above  given  angle  of  torsion.  This 
last  form  of  the  instrument  is  adapted  for  the  measurement  of  currents 
that  pass  in  rapidly  alternating  directions,  since  in  this  case  the  reverse 
current  in  the  large  coil  finds  a  needle  of  reverse  polarity  upon  which 
to  act.  The  angle  of  torsion  will  in  this  case  be  proportional  to  the 
square  of  the  current-strength. 

§  16.  Some  General  Observations  on  Oalyanometers.— We 

will  end  this  Chapter  with  a  few  general  remarks  on  galvano- 
meters. 

(I.)  Long-coil  and  short -coil  galvanometers, —  Fleeming  Jenkin 
uses  these  two  very  clear  terms  to  indicate  instruments  in  which 
the  current  passes  many  times,  or  few  times,  round  the  needle 
respectively. 

For  obvious  reasons  we  cannot  increase  the  field  acting  on 
the  needle  by  the  device  of  passing  the  current  many  times  round 
without  at  the  same  time  unavoidably  increasing  the  resistance  of 
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fte  instrument,  for  we  cannot  make  coils  having  many  turns  of 

any  but  fine  and  therefore  highly-resisting  wire. 

In  using  an  instrument  we  must,  then,  consider  whether  the 

resistance  R  of  the  rest  of  the  circuit  be  large  or  small  as  com- 
l^ured  with  the  resistance  G  of  the  gahanometer.  If  G  be 
negligible  as  compared  with  R,  the  field  is  multiplied  «-fold  by 
using  n  turns  of  wire,  and  the  deflexion  for  a  given  current  is 
thus  made  much  greater.      But  if  R  is  negligible  as  compared 

with  the  resistance  of  one  turn  of  wire,  then  we  get  but    th  of  the 

n 

cunent  when  we  use  n  turns,  and  thus  gain  nothing  but  incon- 
venience in  using  a  long-coil  instrument. 

§  17.  Oalvanometers  for  Practical,  or  Commercial,  Use. 

Now  that  electrical  measurements  have  to  be  made  every  day  in 
places  where  the  presence  of  large  magnets  and  powerful  electrical 
currents  renders  the  magnetic  field  unknown  and  variable,  it  is  neces- 
sary to  have  instruments  whose  action  is  independent  of  the  earth's 
field  of  force,  and  whose  accuracy  is  not  perceptibly  impaired  by  such 
disturbances  as  are  likely  to  occur. 

At  the  end  of  Chapter  XXV.  will  be  found  some  explanation  of 
the  principles  of  several  of  the  more  recent  types  of  instruments. 

§  1 8.  Calibration  of  Current-meters  and  of  Voltmeters 

The  system  of  units  employed  in  modern  electrical  science  is  based 
upon  the  electro-magnetic  actions  of  currents,  as  will  be  explained  in 
Chapter  XVIII.  And  the  practical  unit  of  current  employed,  the 
ampire^  can  be  determined  by  observing  the  attraction  or  repulsion 
between  accurately  constructed  coils  of  wire  carrying  a  steady  cur- 
rent. [It  was  {e.g.)  in  some  such  way  that  Lord  Rayleigh  measured 
in  amperes  the  currents  he  employed.]  The  ampere  being  thus 
measured  electro-magnetically,  it  can  be  determined  how  much  silver 
or  copper  is  set  free  in  i  second  by  a  current  of  i  ampere. 

From  the  experiments  t)f  Lord  Rayleigh  and  others  it  appears  that 
about  1*1 18  tnilligramvie  of  silver  is  set  free  by  i  ampere  in  i  second. 

In  practical  text-books  the  student  will  find  it  explained  how  this 
result  renders  it  a  comparatively  easy  matter  to  calibrate  any  given 
ammeter  in  amplres. 

As  regards  voltmeters^  we  may  \see  Chapter  XIV.  §  11]  graduate 
them  also  by  means  of  currents  measured  electro-chemically.  Or  we 
may  make  use  of  the  known  E.M.F.S  of  certain  standard  cells  ;  these 
E.M.F.s  having  been  previously  determined  once  for  all,  in  absolute 
value,  by  long  and  careful  laboratory  experiment. 

For  further  on  *  Calibration '  we  refer  the  student  to  practi< 
text  books. 
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CHAPTER   XVIII. 

ACTIONS    BETWEEN    CURRENTS   AND    MAGNETIC   POLES.—MAGNl 

EQUIVALENT    OF    A    CURRENT. — ACTION     BETWEEN     CURRENfS* 
AND  CURRENTS. 

§  I.  Action  of  an  Infinite  Beotilinear  Cnrrent  on  aMagnetii 
Pole. — If  we  pass  a  current  through  a  vertical  rectilineal  wire  AB, 
and  observe  its  action  on  a  horizontally-balanced  magnetic  needle 
J  ns  placed  rear  it,  we  arrive  experimentally  at  several 

important  results. 

(i.)  We  find  (as  also  was  indicated  by  the  experiments 
of  Chapter  XVII.)  that  the  lines  of  force  form  circles 
whose  centres  lie  on  the  wire  and  whose  planes  are  per- 
pendicular to  it. 

(ii.)  We  find  that  when  once  the  wire  is  so  long  that 
it  makes  the  angle  A  O  B  nearly  i8o°,  then,  as  far  as 
its  action  on  the  needle  is  concerned,  it  is  practically 
infinite. 

This  suggests  the  idea  that  the  current  gives  a  field  at 
O  only  so  far  as  it  gives  a  *  broadside-on '  projection  when 
g  viewed  from  O  ;  and  that  a  current  running  directly  towards 

•  O  would  give  no  field  t''ere. 

(lii.)  We  find  that  the  field-strength  at  O  is  directly  propor- 
tional to  the  current-strength,  as  has  been  otherwise  shown  in 
Chapter  XVI T.  §4. 

(iv.)  We  find  that,  for  the  same  current,  the  field-strength  is 
inversely  proportional  to  the  perpendicular  distance  from  0  to 
the  wire. 

§  2.  Action  of  an  Element  of  a  Current  on  a  Pole.— If  we 
wish  to  be  in  a  position  to  calculate  the  action  of  a  current  of  any 
shape  on  a  pole  having  any  position  with  respect  to  the  current, 
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1  we  must  know  the  action  of  each  little  bit  (or  element)  of  the  cur- 
i  rent  on  the  pole,  and  must  sum  up  all  these  actions  in  order  to 
[     get  the  total  action  of  the  entire  current. 

i  Such  summing-up  belongs  to  the  integral  calculus  in  general ; 

but  in  one  case  it  can  be  done  very  simply. 


I 


For  the  benefit  of  those  readers  whose  mathematical  knowledge  is 
elementary,  we  shall  explain  further  the  meaning  of  an  element  of  a 
current^  and  shall  then  discuss  in  a  simple  manner  the  law  of  action 
that  is  found  to  hold,  and  the  application  of  this  law  to  determine  the 
field  at  the  centre  of  a  circular  current  (see  §  6). 

Let  ab  represent  a  bit  of  a  current  so  small  that  the  following 
results  may  be  considered  to  be  true. 

(i.)  a  b  may  be  considered  to  be  straight,  although  it  be  part  of  a 
curved  circuit.  Its  length  will  be  designated  by  ds^  where  in  general 
ds  is  a  very  small  fraction  of  a 
centimetre. 

(ii.)  The  length  \La  (where  /i 
represents  the  position  of  the 
pole  acted  on,  the  pole- strength 
being  /x  units)  may  be  considered  as  equal  to  /i  ^,  in  whatever  posi- 
tion a  b  stand  with  respect  to  fi.  Thus,  in  the  figure,  r  centimetres  is 
the  length  of  either  fi a  or  fib.  This  is  because  we  suppose  ds  to  be 
exceedingly  small  with  respect  to  r. 

(iii.)  If  we  draw  ba'  so  as  to  make  an  isosceles  triangle  bfia\  we 
may  consider  b  a'  to  be  at  right  angles  to  both  n  a'  and  /x  b, 

(iv.)  And,  following  from  (iii.),  we  may  speak  of  ^d!  as  making  *the 
angle  ^'  with  either  /xa,  or  with  iib  produced  ;  we  shall  generally  say 
*  with  r.' 

When  the  above  conditions  hold,  ab\%  called  an  element.  These 
conditions  do  «tf/  hold  in  the  figure,  since  that  is  exaggerated  in  order 
to  make  details  sufidciently  plain. 

From  the  experiment  of  §  i  it  was  not  difificult  for  mathe- 
maticians to  guess  at  the  law  of  action  of  each  element  of  current 
on  the  pole  or  on  the  short  needle.  The  law  guessed  at  was 
such  as,  applied  to  the  case  of  §  i,  would  enable  us  to  predict  the 
results  there  experimentally  arrived  at.  It  was  then  applied  to 
other  cases.  The  total  action  of  a  circuit  was  predicted  by  means 
of  the  integral  calculus  from  the  assumed  law  of  action  of  an 
element.  In  each  case  thus  tested,  experiment  fulfilled  the  predic- 
tion.    When  any  assumed  law  stands  thus  the  test  of  experiment, 
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we  must  be  satisfied  to  consider  it  to  be  true.  We  now  give 
the  law,  thus  established,  of  the  action  of  an  element  of  cunent 
on  a  pole. 

Let  /i  be  the  pole-strength,  r  the  distance  in  centimetres  of  the 
element  d s  from  the  pole,  df  ^  the  length  of  the  element,  ds.sin^ 
the  projection  of  ds  perpendicular  to  r  (or  the  length  d  a'  in  the 
figure),  C  the  current- strength.      Then  it  is  found  that  t/ie  pok 

is  urged  with  a  force  proportional  to  ^-^  -'    ^'^^^     in  a  directm 

r" 

perpendicular  to  the  plane  containing  the  element  ds  and  the  pok  ^^ 
the  direction  of  this  force  being  further  determined  by  Ampere's  rule. 
If  we  analyse  this  law  with  the  aid  of  the  figure  given,  we  see  that 
istly.  The  force  acting  on  /i  is  directly  proportional  to  /i  and 
to  C.  This  fact  is  what  we  should  expect.  In  the  last  Chapter  it 
was  partly  proved,  and  partly  assumed  as  following  from  the  defi- 
nition of  ft  and  C. 

2ndly.  For  the  same  length  ds  of  the  element,  the  force  is  pro- 
portional to  sin  d ;  that  is,  the  element  acts  solely  in  so  far  as  it 
presents  a  |  broadside-on  projection '  (which  is  a'  b  in  the  figure)  to 
the  pole. 

3rdly.  The  force  varies  as  -^  \  thus  following  the  same  law 

as  we  found  to  hold  in  gravitation,  in  electrostatics,  and  in 
magnetism. 

4thly.  If  the  current  have  the  direction  of  the  arrow,  and  the 
))ole  be  +  or  north-seeking,  this  latter  is  urged  straight  up  from 
the  plane  of  the  diagram. 

5thly.  The  action  is  not  in  the  line  joining  the  pole  and  the 
element,  but  is  perpendicular  to  the  plane  containing  the  two. 
1'he  action  then  is  very  different  from  any  with  which  we  had  to 
do  in  electrostatics  or  in  magnetism. 

Note  on  the  experiment  of  \  I. — In  the  case  of  the  infinite  rectilinear  cur- 
rent, we  found  the  total  field  at  «j  to  vary  as  -,  whereas  the  elemental  law 

r 

has    .,.    This  may  perhaps  perplex  the  learner. 

The  reason  is  as  follows.  As  we  recede  further  from  the  current  A  B,  we 
certainly  increase  the  distance  from  each  element.  But  at  the  same  time  the 
upper  and  lower  parts  of  the  wire  begin  to  present  an  increasingly  great 
*  broadside-on  projection '  to  the  pole  or  needle. 


\ 
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§  3.  The  Absolute  System  of  Electro-Magnetic  TTnits. — The 

reader  should  at  this  point  look  again  at  Chapter  XIV.  §  1 ,  and 
Chapter  XV.  §  2.  We  intend  now  to  explain  what  are  the  funda- 
jnental  units  to  which  we  there  referred. 

(I.)  Untf  of  current,— \i  a  wire  be  bent  into  the  arc  of  a 
circle,  and  a  pole  be  placed  at  its  centre,  we  see  by  the  results  of 
§  2  that  the  forces  due  to  all  the  separate  elements  will  act  in  the 
same  direction. on  the  pole;  and,  further,  since  each  element  is 
the  same  distance  from  the  pole,  the  total  force  on  this  will  be 
simply  proportional  to  the  current-strength^  the  pole-strength^  the 
iength  of  the  arc,  and  the  inverse  square  of  the  radius. 

Now  we  have  already  defined  the  units  oi  force,  pole- strength, 
and  length.  It  is,  therefore,  simplest  to  define  the  electro- 
nciagnetic  unit  of  current  to  be  isuch  as  makes  the  force  unity 

'W'lien  all  the  other  above  quantities  are  unity.     Or 

The  electro-magnetic  unit  of  current  is  such  that  flowing  through 
2^^  arc  of  unit  length  (i.e,  i  centimetre),  whose  radius  is  unity  (i.e, 
■^  centimetre),  //  acts  with  unit  force  (i.e,  i  dyne)  on  a  pole  of  unit 
rength  (see  Chapter  II.  §  7)  placed  at  the  centre. 

As  has  been   already  stated,  the  practical   unit,  called  the 
jnpere,  is  one-tenth  of  the  above  absolute  unit. 

(I  I.)  The  unit  of  E,M,F, — If  the  E,M,F.  between  tivo  points  in 

■  circuit  be  such  that  unit  current  flowing  for  unit  time  does  unit 

vork  between  these  two  points,  then  this  E,M,F,  is  called  unit 

.M,F,  in  the  electro-magnetic  system, 

—~^^^\,  will  be  evident  to  the  student  that  this  definition  of  unit 

^K.M.F.  is,  in  theory  at  least,  simple  and  clear;  for  the  work  can 

"^De  conceived  of  as  measured  by  observation  of  the  number  of 

^alorimetric  heat  units  given  out  between  the  points   (as    in 

Ohapter  XV.  §  4) ;  while  the  current  can  be  measured  in  the 

above  given  absolute  units  by  means  of  a  galvanometer  of  known 

constants. 

Such  a  definition  of  unit  E.M.F.  is  far  better  adapted  to  the 
requirements  of  electro-dynamical  measurements  than  is  the 
electrostatical  definition  given  earlier. 

As  has  been  already  stated,  the  above  given  unit  is  incon- 
veniently small.  The  practical  unit,  called  the  volt,  is  10®  times 
this  absolute  unit. 
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CH.  ] 


(III.)  The  unit  of  resistance, — Ohm's  law  defines  the  un 
resistance  as  that  through  which  unit  E,M,F  gives  unit  cm 
The  practical  unit  of  resistance,  called  the  ohm^  is  10^  time 
absolute  unit.     Thus,  as  stated,  we  have 


v8 


1 0  T 

The  ampere  =  — =,  =  — th  absolute  unit  of  current. 

IO-*      10 

§  4.  Summaxy  of  Eleotro-Magnetio  TTnits  {see  §  3). 

i  Absolute  unit  of  current as  defined 

1  Practical  unit  of  current,  the  amphre «  —  absoluti 

^  10 

(  Absolute  unit  of  E.  M.  F.  or  of  A  V as  defined  ii 

I  Practical  unit  of  E.M.F.,  the  w// =  icS^absolut( 

(Absolute  unit  of  resistance as  defined  in 
Practical  unit  of  resistance,  the  ohm —  \d\  absolut< 

I  Absolute  unit  of  activity  is  the  rate  of  work  when  unit  curren 
under  unit  E.M.F.,  and  is  i  erg  per  second. 
Practical  unit  of  activity,  the  watt^  is  the  rate  of  work  wh( 
ampere  works  under  one  volt  E.M.F. ;  it  ■«  10'  ergs  per  sec 

(We  get  watts  by  multiplying  the  number  of  volts  by  the  nui 
amplres  \  or,  if  we  are  considering  only  the  heat  given  ot 
conductor,  by  {number  of  amplresf  x  (number  of  ohms). 


\ 


(about  '24  calorie  per  second  J 
I  watt  =  -;  ^j,  ^^Q^j^  —    English  horse-power. 


^Absolute  unit  of  quantity  is  that  which  crosses  any  section  of 
ductor  in  one  second  when  absolute  unit  of  current  flows. 
Practical  unit  of  quantity,  or  the  coulomb,  is  the  same  wh( 

ainplre  flows. 

/Absolute  unit  of  capacity  is  that  of  a  condenser  in  which  the 

charge  is  absolute  unit  of  quantity  when  the  aV  of  the  pi 

absolute  unit  of  E.M.F.  or  aV. 

\  Practical  unit  of  capacity,  or  the  farad,  is  that  of  a  conder 

which  the  bound  charge  is  one  coulomb  when  the  AV  of  the 

is  one  volt.    We  may  add  that  the  more  usual  practical  uni* 

\    microfarad  {see  below). 

The  megohm,  mega-volt,  &c.,  are  respectively  1,000,000  tin 

ohm  or  volt,  &c. 
The  microhm,  micro-voh,  &c.,  are  respectively of  tl 

'  loOuOOO 

or  volt,  &c. 


■< 
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Nole. — Determination  of  the  units.— The  three  quantities,  C,  R,  and  E, 
*e  related  to  each  other  by  Ohm's  law.  It  may  be  well  to  indicate  how  the 
>6olute  units,  or  any  convenient  multiple  of  them,  might  be  determined 
idependently  of  one  another. 

Current. —Vf hen  the  dimensions  and  construction  of  a  galvanometer  are 
nown,  and  when  the  magnetic  field  H  in  which  it  is  situated  has  been  deter- 
lined  by  the  method  indicated  in  Chapter  III.  §§  15  and  16,  it  is  possible  to 
leasure  current  in  absolute  electro-magnetic  units  by  observations  of  its  action 
pon  the  galvanometer  needle.  For  such  a  measurement  no  knowledge  of  E 
r  of  R  is  either  directly  or  indirectly  implied. 

/Resistance. — The  absolute  measurement  of  the  resistance  of  a  conductor  is 
ne  of  the  most  important  experiments  in  physical  science,  and  one  of  extreme 
ifficulty.  Of  the  several  methods  that  have  been  employed  to  obtain  a  dinct 
leasure  of  the  resistance  of  a  wire,  the  simplest  consists  in  passing  a  current 
irough  the  wire  which  is  contained  in  a  calorimeter  similar  to  that  shown  in 
le  figure  on  page  241.  Theoretical  considerations  give  for  the  heat  developed 
er  second  in  the  calorimeter  the  value  JH  =  C  R.  Here  C  is  the  current,  the 
ilue  of  which  can  be  calculated  from  the  indications  of  a  tangent  galvano- 
leter  placed  in  the  circuit ;  H  is  the  heat  developed  per  second,  which  can  be 
mnd  from  the  rise  of  temperature  of  the  liquid  by  the  principles  of  calorimetry  ; 
nd  J  is  the  mechanical  equivalent  of  heat  (p.  239),  which  is  known  from 
oule's  experiments  to  be  very  near  to  41,750,000.  The  only  quantity  remain- 
ig  is  /R,  which  can  therefore  be  calculated  from  the  other  three.  Other  methods 
epend  upon  the  laws  of  electro-magnetic  induction  given  in  p.  357  ;  for  the 
etails  of  these  the  student  must  refer  to  more  advanced  works  upon  the  subject. 

Electromotive  force.  —  Having  methods  of  measuring  current  and  resistance 
bsolutely,  E.M.F.  may  be  found  by  the  arrangement  shown  on  p.  234,  e  is 
he  cell  whose  E.  M.  F.  is  required  ;  a  tangent  galvanometer  is  placed  between 
^  and  B,  and  the  current  A^opB  is  not  required.  The  current  given  by  the 
►attery  P  is  first  adjusted  to  a  convenient  strength  by  the  rheostat  R,  then  the 
ontact  piece  Q  is  moved  along  the  wire  A  B  until  no  current  flows  in  G. 
Vhen  this  is  the  case  the  reasoning  of  §  13,  p.  234,  shows  that  ^  =  tfC ;  a  being 
he  resistance  of  the  wire  A  Q,  and  C  the  current  in  the  circuit  P  R  B  Q  A  P, 
^hich  is  given  by  the  tangent  galvanometer  :  thus  e  is  determined. 

§  5.  The  Dimensions  of  the  Derived  TTnits. 

When  any  system  of  units  has  been  constructed,  each  derived  unit 
:an  be  expressed  in  the  fundamental  units.  The  manner  in  which 
:ach  derived  unit  involves  the  fundamental  units  can  be  exhibited  in 
L  simple  form,  giving  what  is  called  the  dimensions  of  that  physical 
[uantity.  Thus,  in  Chapter  II.,  the  dimensions  of  force  wQie  given  by 
he  relation 

F  =  M.L.T-2. 
In  any  one  system  of  units  physical  quantities  are  of  different 
latures  if  their  dimensions  {i.e.  the  way  in  which  they  involve  the 
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fundamental  units)  are  different.     This  statement  may  be  taken  as 
axiomatic. 

But  the  same  physical  quantity  may  have  different  dtmensionsk 
two  different  systems  of  units  respectively.  This  is  not  so  easy  a 
matter  to  understand,  but  the  fact  is  clear  enough,  as  will  be  seen 
from  the  table  given  on  the  next  page.  Thus  the  dimensions  of  current 
are  different  according  as  we  regard  it  from  the  point  of  view  of  electro- 
static quantity  {see  Chapter  V.  §  i  passing  aci  oss  a  section  in  unit 
time,  or  from  the  point  of  view  of  magnetic  actions. 

If  two  physical  quantities  have  different  dimensions  in  the  same 
system,  it  follows  that  not  only  are  they  different  in  essential  nature, 
but  that  in  general  any  alteration  of  the  fundamental  units  will  alter 
in  different  ratios  the  numerical  values  of  the  two  quantities. 

On  p.  301  we  give  a  table  exhibiting  the  dimensions  of  the  various 
physical  quantities  in  the  two  systems,  electroinagnetic^Xi6.  electrostatic^ 
respectively.  It  would  be  out  of  place  in  this  Course  to  show  how  the 
dimensions  of  each  are  found,  but  we  give  one  example. 
/  Example. — The  dimensions  of  magnetic  pole-strength, — By  defini- 
tion and  experiment  we  have 

J.       ,  ^  .  J.J  ^oole-strenetb)' 

force  between  two  equal  poles  «  ^ -. 

•^  (distance  between  them}* 

Using  symbols  to  represent  the  units  of  pole-strength,  force,  and 

length,  we  may  write 

ML 


^2  -  F  X  L^  =  -L     X  L^  =  M  L^T- 


\      * 


7 


And  therefore  fi  =  M  .  L  .  T  ~  ^  gives  the  dimensions  required. 

With  respect  to  the  fact  that  in  the  electro -magnetic  system  the 
dimensions  of  R  are  L  T" ',  or  are  those  of  a  velocity,  the  reader  is 
referred  to  Chapter  XXI.  g  7  (II.),  note. 

The  ratio-velocity  v. — We  must  now  call  attention  to  the  very 
remarkable  fact  that  when  a  quantity  is  expressed  both  in  electrostatic 
and  in  electro-magnetic  measure,  the  ratio  between  the  two  sets  of 
dimensions  always  involves  simply  the  dimensions  of  a  velocity ;  this 
we  have  designated  by  v  in  the  last  column  of  the  table  on  the  next 
page.  Direct  experiment  shows  (within  the  limits  of  experimental 
error)  that  this  velocity  is  a  constant. 

If  C  and  C  represent  the  numerical  magnitude  of  the  same 
current  measured  electro-magnetically  and  electrostatically  respec- 
tively, and  if  the  same  convention  be  assumed  with  respect  to  the 
other  symbols,  then  by  the  table  on  the  next  page  we  have     .     .    .    . 
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Talile  of  Dimensions  of  Units. 


Symbol 

V 


V 
I 
fn 
P 

Q 
c 

V 
AV 

andE 

R 

K 

cr 


llie  magnitude  measured 


Strength  of  magnetic  pole 
Magnetic  potential .     .     . 
Strength  of  magnetic  (ield 
Magnetic  moment   .     . 
Intensity  of  magnetisation 
or  (magnetic  moment)  -i-  [ 
(volume)  ) 

Quantity  of  electricity  .     . 

Current     .     .     ,     .     .     . 

Potential,    difference    of . 
potential,   and    electro- 
motive force  ) 

Resistance 

Capacity 

Specific  inductive  capacity 


In  the  (mag- 
netic or)  elec- 
tro-magnetic 
system 

In  the  electro- 
static system 

Ratio  of  latter  to 
former 

L?M*.T-' 
L*MiT-' 
L"*M*-T-* 
L^MiT-' 

L-^M-T-^ 

— 

— 

L^Mi 
L^MlT-^ 

L^M^T-* 
L^M^T-' 

L'T-'(=z;) 
LT-  (  =  !/) 

L^M^T-' 

L'M'T-* 

L-T(  =  i) 

LT' 

L-^T 

L-'r(=') 

V* 

L-'T- 

L^ 

[a  simple 
ratio  or 
number ; 
zero  di- 
mensions] 

L'T-'(  =  z/') 

The  value  of  the  constant  v  has  been  determined  from  double 
measurenients  of  the  same  quantity,  the  same  E.M.F.,  or  the  same 
capacity,  respectively  ;  and  each  investigation  agreed  in  giving  to  t/  a 
value  approximately  agreeing  with  the  velocity  of  light,  and  of  the 
propagation  of  electro-magnetic  induction  (see  Chapter  XX.  §  18).  It 
also  agrees  with  the  velocity  with  which  two  bodies  carrying  electro- 
static charges  must  move  parallel  to  each  other  in  order  that  the 
electrostatic  repulsion  between  them  may  just  balance  their  electro- 
magnetic attraction  (j^^  Chapter  XXII.  §  15  (c) ).  It  would  appear 
that  when  rapid  motion  is  given  to  electrostatic  charges  of  electricity, 
these  give  electro-magnetic  fields  as  do  currents  ;  but  the  velocity 
given  to  them  must  be  very  great  in  order  to  render  this  action  at  all 
sensible. 

We  may  then  regard  the  velocity  v  as  one  of  the  great  constants 
in  nature,  that  which  expresses  the  physical  constitution  of  the  ether 
with  respect  to  the  propagation  of  waves  in  which  the  vibrations  are 
transverse. 
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§  6.  Field  due  to  a  Circnlar  Current. — We  will  now  complete 
what  was  said  about  a  circular  current  in  Chapter  XVII.  §  2. 
Near  the  wire  the  lines  of  force  will  practically  be  small  circles 
about  the  wire,  as  in  Chapter  XVI I.  §  i,  since  the  rest  of  the 
circuit  will  be  relatively  unimportant.  But  in  mean  positions 
the  lines  will  be  the  resultants  due  to  the  whole  circuit,  and  will 
not  be  circles,  but  curves  of  some  other  form  situated  symmetri- 
cally with  respect  to  the  central  line  and  to  the  plane  of  the 
circular  current. 

Field  at  the  centre  of  the  circular  current, — Now  consider  the 
field  at  the  centre  of  the  circle.  Referring  to  §§  2  and  3,  we  see 
that  the  following  considerations  will  determine  the  field. 

(i.)  All  the  elements  of  this  circular  current  are  the  same  distance 
r  from  the  centre,  and  therefore  the  field-strength  at  the  centre  is 
directly  proportional  to  the  length  2  tt  r  of  the  circumference. 

(ii.)  The  field  will  also  be  proportional  to  the  inverse  square  of  the 

common  distance  r,  or  to  --,  where  r  is  the  radius  of  the  circle. 

(iii.)  If  the  current  be  given  in  electro-magnetic  measure,  it  will  be 
easy  to  find  the  magnetic  field -strength  at  the  centre,  or  the  number 
of  dynes  with  which  unit  pole  would  there  be  urged  in  a  direction 
perpendicular  to  the  plane  of  the  circle. 

From  the  above  it  follows  that  if  c  be  the  current  in  absolute 
measure,  and  I  the  magnetic  field-strength  at  the  centre,  then  .    . 

T       2  irr.  c      2  T,c  r  \ 

I  = = (1.) 

r-i  r 

The  force  with  which  a  pole  of  strength  /j.  is  urged  will  be  .    . 

F2  u  7r  C    J  /..  \ 

=  _ dynes (n.) 

r  ' 

The  couple  acting  on  a  small  needle  of  magnetic  moment  w, 
placed  at  the  centre  and  lying  in  the  plane  of  the  circuit,  will  be  . 

=    __    __  units  of  couple (m.) 

If  the  current  C  be  given  in  avip^res^  we  must  divide  each  of 
the  above  results  by  10. 

V  §  7.  Magnetic  Shells;  and  the  Fields  due  to  Them. — If  we 
regard  only  the  external  magnetic  field  produced  by  an  electric 
ciicuit,  we  find  that  we  can  replace  the  circuit  by  a  thin  ateel  sheet 
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lose  faces  are  of  opposite  polarities  ;  such  a  sheet  magnet, 
magnetic  shelly  giving  exactly  the  same  magnetic  field  as  did  the 

nren'-,  provided  that  certain  conditions  as  to  its  thickness  and 
degree  of  magnetisation  be  observed. 
But  it  will  be  necessary  first  to  give  some  account  of  the 

.ture  of  a  magnetic  shell,  or,  as  it  is  otherwise  expressed,  of 

meilar  distributions  of  magnetism.     We  return  to   *  currents ' 

§9- 
Consider  an   enormous   number  of  small  straight  magnetic 

iedles  placed  side  by  side,  until  they  form  a  sheet  whose  area  is 

iry  large  as  compared  with  the  length  of  each  little  needle  ;  that 

,  a  sheet  very  large  as  compared  with  its  thickness.     If  the  needles 

i  all  turned  one  way,  so  that  the  one  side  of  the  sheet  be 

»rmed  of  their  north  poles  and  the  other  side  of  their  south  poles, 

len  we  have  what  is  called  a  lamellar  distribution  of  magnetism  ; 

r  we  have  a  magnetic  shell. 

In  the  case  of  magnetic  needles,  whose  length  was  very  great  as 
Dmpared  with  their  thickness,  it  was  convenient  to  speak  of  their 
oles  and  of  their  length  ;  the  product  of  the  length  and  pole- 
rength  giving  us  that  magnetic  moment  of  the  needle  (called  /i  / 
r  m)  upon  which  so  much  was  found  to  depend.  The  reader 
ill  see  from  Chapter  III.  §  16,  and  from  Chapter  XVII.,  that 
pon  the  magnetic  moment  of  the  needle  depended  the  external 
sld  that  it  gave,  and  also  the  couple  with  which  a  magnetic  field 
:ted  upon  it  in  turn. 

Now  in  the  case  of  a  magnetic  shell  we  must  express  ourselves 
miewhat  differently.  We  must  here  consider  the  intensity  p  of  the 
irface  magnetisation,  and  the  thickness  /  of  the  shell. 

To  take  the  case  with  which  we  shall  be  concerned,  viz.  that 
'  a  uniform  shell,  we  may  suppose  all  the  little  needles  to 
ive  been  equal  both  in  length  /,  and  in  pole-strength.  Then,  if 
le  sum  of  all  the  little  poles  that  form  i  square  centimetre  of  the 
irface  of  the  shell  would,  if  concentrated  at  one  point,  form  a 
ngle  pole  of  strength  measured  by  p  units,  we  may  very  naturally 
ly  that  the  density  of  magnetism  on  the  surface  of  the  shell  is 
easured  by  p  ;  the  word  *  density '  being  here  used  in  the  same 
:nse  as  in  electrostatics ;  viz.  quantity  [in  this  case  magnetic 
jantity]  per  unit  area. 

If  the  thickness  of  the  shell  be  called  /,  the  product  /./a  is 
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called  the  strength  of  the  shell.     It  is  the  same  as  the  magnetic 
moment  of  a  needle  of  length  /  and  of  pole-strength  p,  repre- 
senting  the  concentrated  magnetism  of  i  square  centimetre  of  the  ] 
surface.     We  will  use  the  single  symbol  /  for  the  strength  of  a 
shell. 

Now  let  us  consider  any  point  P  external  to  the  shell.  Let 
the  boundary  of  the  shell  subtend  a  solid  angle  *  measured  by  U 
at  the  point  P  ;  and  let  the  strength  of  the  shell  be  /.  Then  it 
can  be  shown  that  the  field  at  the  point  P  depends  upon  y,  upon 
n,  and  upon  the  way  in  which  Q.  alters  in  value  as  we  move  from 
point  to  point.  As  long  as  the  thickness  /  is  relatively  very  small, 
it  is  found  (by  mathematical  methods  belonging  properly  to  the 
integral  calculus)  that  we  are  concerned  with  the  strength  j  \  not 
with  /  and  p  separately. 

The  reader  must  notice  that  (according  to  the  mathematical 
investigation  not  given  here)  the  field  at  P  does  not  depend  upon 
the  shape  of  the  shell,  so  long  as  its  edge  remains  the  same.  If 
the  shell  be  bent  into  a  surface  nearly  closed,  but  having  a  hole  of 
a  certain  shape  and  size  left  unclosed,  it  will  give  the  same  external 
field  as  would  a  shell  that  just  fitted  this  hole  ;  since  the  two 
would  have  the  same  edge.  And  a  completely  closed  shell  gives 
no  external  field. 

§  8.  Magnetic  Potentials  due  to  Magnetic  Shells. — The 
reader  is  now  referred  to  what  was  said  oi  potential^  and  o(  force 

'  Note  on  solid  angles. — Let  us  consider  a  point  P  and  a  sphere  of  unit  radius 

described  about  P  as  centre.     Any  portion  of  the  surface  is  said  to  subtend 

a   solid  angle  at    the   centre,    this   angle   being   measured    by   the   fraction 

portion  of  surface  in  square  centiviHres        ^ •         i-u        j •       •  a-    \a 

\. i-. . .       Since  the  radius  is  on^  centtnutre^ 

(distance  from  centre  in   centwietresy 

we  may  say  that  the  solid  angle  is  measured  by  the  area  of  the  portion  of  the 
surface  considered,  this  area  being  expressed  in  square  centimetres.  Now  let 
lines  be  drawn  from  P  to  the  edge  of  the  magnetic  shell.  These  will  intercept 
a  portion  of  the  surface  of  our  unit  sphere.  The  solid  angle  H  subtended  by 
the  boundary  of  the  magnetic  shell  at  the  point  P  is  measured  by  the  portion 
of  the  surface,  expressed  in  square  centimHres^  which  is  thus  intercepted  on  the 
surface  of  the  unit  sphere  described  about  P  as  centre. 

Thus,  since  the  total  surface  of  unit  sphere  is  4  w  square  cetttimHreSy  the 
total  solid  angle  about  any  point  is  4  n-. 

If  a  point  is  relatively  very  close  to  the  surface,  the  surface  subtends  (very 
nearly)  a  solid  angle  of  2  ir  at  the  point  ;  and  subtends  exactly  2  tf  when  the 
point  is  actually  on  the  surface. 
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as  measured  by  rate  of  change  of  poteniial,  in  Chapter  X.  §§  9  -14 
and  elsewhere.  If  *  -h  unit  pole  *  and  *  —  unit  pole '  be  substi- 
tuted for  *  H-  unit  electricity '  and  *  —  unit  electricity/  all  that  was 
there  said  applies  to  magnetic  fields.  (Thus,  for  example,  a  pole 
/I  gives  out  4  TT/Li  marked  lines  of  magnetic  force.)  It  is  then 
leadily  understood  that  if  we  know  the  magnetic  potential  at  a 
point  P  due  to  a  magnetic  shell  or  due  to  an  electric  circuit,  and 
if  we  know  at  what  rate  this  potential  changes  in  different  direc- 
tions, then  we  know  all  about  the  magnetic  field  at  P. 

In  the  case  of  the  magnetic  shell,  it  can  be  shown  that  the 
magnetic  potential  on  unit  pole  at  P  due  to  this  shell  is  measured  by 
the  product  yo.  The  force  at  P  in  any  direction  will,  for  the  general 
reasons  given  in  Chapter  X.,  be  measured  by  the  rate  at  which  this 
potential  changes  its  value  in  this  direction  ;  and  this,  since 7  does  not 
alter  for  the  same  shell,  depends  upon  the  rate  at  which  Q  changes  in 
that  direction.  Thus  a  small  shell  close  by  and  a  large  one  far  off  may 
give  the  same  value  of  Q  at  P,  or  the  same  potential  at  P ;  but  in 
general  the  rate  at  which  Q.  changes,  or  \}[i^  force  at  Py  will  be  different 
in  the  two  cases. 

Inside  a  completely  closed  surface  formed  of  a  magnetic  shell,  the 
potential  is  everywhere  4  tt  .7,  as  explained ;  since  now  Q  =  4  tt.  It 
does  not,  therefore,  change  from  point  to  point ;  or  there  is  a  constant 
potential  and  no  force  in  the  hollow  of  such  a  closed  surface.  Outside 
it  the  potential  and  force  are  both  zerOy  since,  as  explained,  Q  now 
equals  zero. 

As  was  seen  in  Chapter  X.,  the  direction  in  which  the  potential 
changes  most  rapidly  is  the  direction  of  the  resultant  force,  or  is  the 
direction  of  *  the '  lines  of  force  of  the  field. 

Of  course  the  potential  on  a  pole  of  \l  units  will  be  measured  by 

It  follows  also  that  the  work  done  between  two  positions  of  the 
pole  fi,  at  which  the  shell  subtends  solid  angles  Oj  and  O3  respectively, 
will  be  measured  by 

^j  (Qj  -  Qa). 

The  mathematical  investigation  of  the  potentials  and  fields 
due  to  a  magnetic  shell  demands  a  knowledge  of  the  infinitesimal 
:alculus.  But  an  investigation  in  which  infinitesimal  notation,  at 
any  rate,  is  not  used,  can  be  found  in  Cumming's  *  Theory  of 
Electricity '  (Macmillan). 
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§  g.  Hagnetic  Equivaletit  of  an  Electric  Circuit  —We  now 

return  to  that  which  was  the  main  reason  for  the  digressiun  of 
§§  7  and  8. 

If  we  have  on  the  one  hand  a  circuit  carrying  a  eunent 
measured  by  C  in  absolute  electro- magnetic  units,  and  on  the 
other  hand  a  magnetic  shell  of  the  same  boundary  and  of  a 
'  strength '  j  numerically  equal  to  C  ;  and  if  we  examine  the 
potentials  and  fields  at  any  external  point,  due  to  the  two  re- 
spectively, then  it  is  found  that  the  two  give  identical  resuhs. 

The  proof  of  this  equivalence  demands  a  knowledge  of  the 
infinitesimal  calculus ;  and  in  the  present  Course  the  reader  must 
be  content  to  accept  as  a  result  of  mathematical  analysts  confirmed 
by  expeiiment  the  statement  that 

'  As  regards  the  external  magnetic  field  produced,  a  circuit  af 
atrrent-strerigtk  C{as  measured  in  absolute  electro-magnetic  unil^ 
it  exactly  equivalent  to  a  magnetic  shell  having  the  same  boundary 
and  having  an  uniform  strength  j  numerically  equal  to  C 

So  the  formula  of  tbe  last  section  become,  for  an  electric  circuit, 
/iCQ  and  fiC(Q,  -  aj. 

Eipeiimeitl.  —  De  la  Rhii s  Jlcatiiig  bailery. — A  small  battery-cell  is 
itrucled,  composeJ  of  iwo  strips  ihe  one  of  line  and  the  other  copper  iiiimerseJ 


acid  ii 


lube.  The  cir- 
cuit is  completed  by  an 
insulated  wire  wound  into 
a  small  circular  coil  tbt 
hasiti:  plane  vertical  wheti 
the  lesl  lube  U  vertical 
This  smiU  cell  and  cir- 
cular current  is  fl<utal 
on  itie  surface  of  a  krge 
vessel  of  water,  bymtans 
of  a  cork  or  other  floai 
throiTgh  which  the  mt 
lube  passes. 

We  thus  have  i 
vertical  circular  cunent 
capable  both  of  lolalicn 
on  its  vertical  axis  a"l 
of  hotiiontal  tronslatinn. 
:  shall  find  that  it  ads  is 
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wVII.  §  2,  that  face  in  which  (as  one  stands  opposite  to  it)  the  current 
ippears  to  circulate  clockwise  will  act  as  a  south-seeking  magnetised  surface, 
while  the  face  in  which  the  current  appears  to  run  counter-clockivise  acts  as  a 
lorth-seeking  surface.  The  coil  will  thus  turn  until  the  face  of  opposite  polarity 
to  that  of  the  magnetic  pole  presented  is  turned  towards  this  latter,  and  will 
then  be  *  attracted '  and  move  towards  it. 

If  the  current  be  strong  and  the  water  be  still  enough,  the  coil  will  under 
Ihe  earth's  action  only  *set '  with  its  faces  turned  north  and  south  respectively. 

The  equivalence  of  a  magnetic  shell  and  an  electric  circuit  was 
discovered  and  stated  by  Ampere, 

§  10.  This  Equivalence  is  for  the  External  Field  only. — There 
is  one  obvious  difference  between  the  circular  current  and  its 
*  equivalent '  magnetic  shell.  In  the  circuit,  the  field  is  continuous ; 
and  a  pole  is  urged  through  the  circuit  as  well  as  up  to  it.  In  the 
magnetic  shell  the  external  field  stops  at  the  surface  of  the 
shell. 

§  II.  Principle  of  Sinnons  Currents. — Referring  to  §  2,  we 
see  it  stated  as  the  result  of  experiment  that  the  element  a  b  acts 
on  the  pole  as  does  the  element  a'  b. 

Extending  this  to  the  case  of  wires  of  finite  length  we  should 
predict  that  a  circuit  of  any  form  in  which  the  wire  has  small 
sinuosities,  loops,  and  other  irregularities,  will  act  on  an  external 
pole  just  as  does  a  circuit  of  the  same  general  form  in  which  the 
wire  is  without  such  irregularities  ;  provided  that  the  irregularities 
are  of  very  small  size  as  compared  with  their  distance  from  the 
pole  acted  on. 

This  equivalence  of  simple  and  sinuous  wires  is  called  the 
^Principle  of  sinuous  currents,^ 

Experiment, — Employing  the  'zero  method,*  as  before,  it  is  easy  to  show 
that  a  circuit,  in  which  the  current  goes  one  way  round  a  simple  wire,  and 
returns  by  another  wire  wound  oveir  the  former  in  small  sinuosities,  has  zero 
action  on  a  pole.  This  shows  that  simple  and  sinuous  currents,  which  have 
the  same  general  form,  are  equivalent  as  regards  action  on  an  external  pole. 

Thus,  a  complete  circuit  in  which  the  wire  has  sinuosities  that 
ire  very  small  as  compared  with  the  size  of  the  circuit,  is  equi- 
valent to  a  magnetic  shell  of  the  same  average  boundary  as  the 
wircuit  and  same  *  strength.* 

Thus,  we  may  regard  the  arrangement  of  the  above  experiment 
to  be  equivalent  to  two  equal  shells  superimposed  on  one  another, 
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the  faces  being  turned  contrary  ways  ;  such  a  magnetic  arrange- 
ment giving  neutrality. 

§  12.  BeactioiL  of  a  Pole  on  an  Element  of  Cnrrent— We 
have  spoken  of  the  force  exerted  on  a  pole  by  an  element  of 
current,  assuming  the  pole  to  be  moveable  and  the  current  to  be 
fixed.  But  by  Newton's  laws,  which  may  be  regarded  as  so  con- 
firmed by  universal  experience  that  they  are  axioms^  there  must 
be  between  the  pole  and  the  element  a  reciprocal  action  of  which 
either  half  becomes  manifest  as  we  fix  the  pole  or  fix  the  current 
respectively.  The  pole  and  the  element  are  urged  round  each 
other  in  a  direction  given  by  the  *  screw  '  analogy  of  §  2.  If  we 
fix  the  pole,  then  the  current  will  be  urged  round  it,  the  rotation 
following  the  same  direction  as  before.  We  can  thus  give  the 
rule  that 

*  If  we  stand  in  a  +  pole^  so  that  we  are  exactly  parallel  to ^  aid 
facings  a  person  swimming  with  the  current  in  the  element  (stt 
Ampere's  rule,  §  2),  then  the  element  is  urged  off  to  our  left  in  a 
direction  perpendicular  to  the  plane  containing  the  element  and  tJie 

pole ;  the  force  being  measured  by  '-'-'      ' as  in  §  2.'    Of 


course  a  —  pole  gives  the  force  in  exactly  the  opposite  direction. 

§  13.  Action  of  a 
K  Pole  npon  a  Closed 

Circuit.  —  What  fol- 
lows applies  to  any 
closed  circuit ;  but, 
since  the  mechanical 
reasoning  is  then 
simpler,  we  will  take 
only  the  case  of  a 
plane  closed  circuit. 


Let  N  be  the  north 
pole  of  a  magnet,  and 
N  A' A''X  a  straight  line  through  N  ;  we  suppose  the  pole  to  be  con^ 
centrated  at  the  point  N  and  to  be  of  strength  /n.     Let  the  circuit  ^ 
be  so  fixed  that  it  can  only  turn  about  the  axis  N  X,  swinging  roun<3 
upon  the  points  A'  A"  as  a  door  swings  upon  its  hinges. 

We  will  consider  whether  or  no  the  pole  N  has  any  tendency  t  ^ 
make  the  circuit  C  revolve  as  a  whole  round  the  axis  N  X. 
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Take  two  lines  N  a'  a"  and  N  b'  b'\  so  close  together  that  a'  b'  and 
cC'h"  may  be  considered  to  be  elements  {see  §  2),  and  drop  perpen- 
diculars on  N  X  from  a"  and  a\ 

Since  the  circuit  is  closed,  each  such  pair  of  lines  will  intercept 
two  elements  a  b'  and  a"  b'\  in  which  the  current  flows  opposite  ways. 

As  seen  in  §  2,  we  may,  as  regards  the  action  of  N,  replace  a'  b' 
and  a"  b"  by  the  intercepts  made  on  circles  through  b'  and  b"  respec- 
tively ;  these  intercepts  are  represented  by  dotted  lines,  and  will  be 
called  s'  and  s"  respectively,  their  distances  from  N  being  called 
f  and  r". 

Now  the  pole  N  urges  a"  ^"  perpendicularly  down  into  the  page 

IX.  Q.  s" 
with  a  force  measured  by  "'     '-  \  while  a'b'  is  urged  upwards  from  the 

page  with  a  force  ^~ . 

But  from  plane  geometry  we  have  the  proportion  j"  :  s'  «  r"  :  r' ; 
and  hence  \}[i^  force  on  a"  b"  \  force  on  a'  b'  «  J^^ :  1. 

The  eflfect  these  will  have  in  turning  the  circuit  as  a  whole  about 
N  X  as  axis  depends  upon  the  product  of  these  forces  into  the  arms 
a" Af^  and  a' A'  respectively. 

But,  again  by  simple  geometry,  it  is  clear  that 

arm  a"  k!'  :  arm  a'  h'  «  r"  :  r'. 

Combining  this  result  with  that  obtained  for  the  two  forces,  we 
have  that  the  two  moments  are  equal,  being  in  the  proportion  of 

(r"  X  l.\  :  f r'  X  ^j  or  of  I  :  i.  They  are  also  opposite  in  direc- 
tion. Hence  they  neutralise  each  other.  In  the  same  way  the 
whole  closed  circuit  may  be  divided  into  pairs  of  elements  that, 
together,  give  zero  moment  about  N  X.  Hence  the  whole  has  zero 
moment  about  the  axis  N  X. 

By  similar,  but  more  advanced,  reasoning  it  can  be  shown  that  for 
any  closed  circuit  [whether  plane  or  not]  there  is  zero  moment  about 
any  axis  through  a  pole  N. 

By  the  above  method  of  investigation  it  is  shown  that  a  com- 
plete circuit  has  no  tendency  to  revolve  as  a  whole  about  any  axis 
through  the  pole  of  a  magnet  ;  of  which  axes  one  particular  case 
is  the  magnetic  axis  that  joins  the  N  and  S  poles  of  the  magnet. 
This  means,  when  interpreted  mechanically,  that  the  two  poles  N 
iJ^d  S  act  on  the  closed  circuits  in  lines  passing  through  the  poles ; 
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since,  if  they  did  not  act  in  such  lines,  we  should  have  a  *  moment' 
about  axes  through  the  poles.  In  other  words,  the  action  between 
the  circuit  considered  as  a  whole  and  the  poles  is  a  direct  acHon^ 
and  not  such  as  that  considered  in  §  2.  This  result,  arrived  at 
from  the  consideration  of  the  action  of  a  pole  on  the  elements 
of  current  forming  the  complete  circuit,  agrees  with  the  view 
which  regards  the  circuit  as  equivalent  to  a  magnetic  shell.  For 
the  action  between  a  pole  and  a  magnetic  shell  is  2X^0  2i  direct  action. 

The  line  of  action  between  N  and  the  circuit  C  will  pass 
through  some  ])oint  in  C ;  and,  if  the  circuit  be  moveable  about 
some  axis  through  which  the  line  of  action  does  not  pass,  the 
circuit  will  revolve  into  a  position  of  equilibrium,  or  will  *set 
Itself,'  as  would  a  magnetic  shell.  In  this  position  it  will  then 
rest,  being  prevented,  owing  to  the  fixed  axis,  from  moving  up  to 
the  pole. 

§  14.  Action  of  a  Pole  on  an  Incomplete  Circnit — If  there  be 
such  an  arrangement  that  the  circuit  external  to  the  pole  be  not 


Fig.  i. 


Fig.  ii. 


complete,  then  this  *  incomplete  circuit'  luiil  be  urged  round  the 
pole.  Ever)'  voltaic  circuit  must  be  complete  ;  but  part  of  it 
may  be  completed  through  the  magnet  itself,  leaving  the  portion 
external  to  the  magnet  incomplete. 

In  fig.  i.  we  see  that,  as  regards  rotation  round  the  pole  N,  the 
portion  PQ  of  the  circuit  C  is  uncompensated,  and  therefore 
ihe  whole  will  be  urged  round  an  axis  through  N. 
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In  practice  this  can  be  effected  by  arranging  a  circuit  A  C  B  A 
that  the  part  C  is  mobile  about  the  axis  A  B  ;  the  part  A  B  of 
e  circuit  being  the  axis  of  the  magnet  N  S. 

It  can  be  shown  that  if  the  points  A  B  lie  both  between  N  and  S, 
both  outside  N  S,  the  resultant  action  of  the  two  poles  N  and  S  will 
t  such  that  C  does  not  revolve  about  the  axis.     In  the  case  drawn  it 
ill  so  revolve. 

§  15.  Action  of  the  Earth*8  Field  on  Cnrrents  Completely 
r  Partly  Mobile. 

When  currents  are  ai ranged  so  as  to  be  completely  or  partly  mobile 
bout  vertical  or  horizontal  axes,  there  will  be  in  general  movements 
ue  to  the  action  of  the  earth's  field. 

If  we  resolve  the  earth's  field  into  its  vertical  and  horizontal  com- 
onents,  the  nature  of  the  movements  referred  to  can  be  predicted 
''ithout  much  difficulty,  by  means  of  the  principles  explained  in 
-liapter  XIX.  §§  4,  5,  and  7. 

There  is,  however,  no  especial  interest  attaching  to  these  actions, 
nd  we  shall  accordingly  omit  further  discussion  of  them. 

§  16.  Actions  Between  Currents;  Ampere's  Laws. — The  first 
aw  arrived  at  by  means  of  direct  experiment  is  very  simply  ex- 
Dressed.     It  is  as  follows. 

La7Cf  I, — Parallel  currents  in  the  same  direction  attract^  parallel 
nirrents  in  opposite  directions  repel^  one  another. 

There  are  many  pieces  of  apparatus  by  means  of  which  this 
act  can  be  shown  ;  the  form  that  is  perhaps  of  the  most  general 
ise  is  the  *  Ampere's  stand.'  It  is  not  necessary  to  describe  in 
letail  the  arrangements  in  this  or  in  similar  pieces  of  apparatus, 
t  is  suflficient  to  say  that,  by  means  of  pivots  and  mercury  con- 
lections,  wires  bearing  currents  are  given,  to  a  greater  or  less 
[egree,  freedom  of  movement ;  and  that  thus  the  action  of  other 
:urrents  on  them  can  be  observed. 

Experiment^-TYit  figure  on  the  next  page  represents  the  portion  M  of  a 
•ctangular  coil  M  N  acting  upon  the  portion  B  of  the  moveable  piece  B  C.  As 
rawn,  the  currents  in  M  and  in  B  are  in  opposite  directions,  and  repulsion 
ctween  M  and  B  will  be  observed. 

When  two  wires  bearing  currents  are  not  parallel,  but  are  in- 
lined  to  one  another,  the  following  law  is  found  to  hold  {see  also 
:hapter  XIX.  §  8). 
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Lmti  II. —  l^en  two  currents  make  an  angle  with  one  anoll 
they  attract  one  another  if  they  run  both  towards  or  both  from  \ 
rertex  of  the  angle,  and  repel  one  another  if  they  run  the  one  kmai 
and  the  other  from  the  rertex. 


Or,  l7V0  currents  crossing  one  another  tend  to  moi'e  into  a  j 
tien  in  which  they  are  parallel  and  in  the  same  direction. 

Exptrimene.  —  TV\s.  may  be  illustrate 
means  of  ihe  arrangement  here  indicated, 
current  PQ  acts  mainly  on  the  portion  C 
the  mobile  current,  and  movements  ensue  t 
are  in  accordance  with  the  above  law. 

It  may  be  olservcd  ihat  PY  acts  or 
portions  Y  C  and  CB,  and  the  portion  QV 
on  D  Y  and  on  A  D,  so  as  to  give  moveme 
one  and  the  same  direction.  The  action  oi 
upper  part  BA  will  be  in  a  contraiy  dirci 
but  this  action  will  be  negligible  if  B  is  lela 
very  far  from  P  Q. 
[Law  HI. — In  a  rectilinear  current  there  is  repulsion  between 
two  consecutive  elements  of  the  current. — Ampfere  devised  experin 
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in  which  it  appeared  that  coPinear  elements  of  a  current  repelled  one 
another,  as  if,  indeed,  this  were  an  extreme  case  of  Law  II.,  in  which 
Ae  angle  between  the  two  currents  was  180°.  It  is,  however,  doubtful 
whether  any  experiment  has  shown  directly  this  action  between  two 
elements  of  currents  that  are  truly  collinear.  It  is  indeed  true  that 
calculations  based  upon  the  assumption  of  this  action  have  been  veri- 
fied. But  the  simple  statement  of  this  law,  as  given  above,  does  not 
fit  in  well  with  the  modern  theory  of  electro-magnetic  and  electro- 
dynamic  actions,  and,  as  no  direct  application  of  it  will  be  made  in 
this  Course,  we  think  it  best  to  pass  it  by  without  laying  any  stress 
upon  it.] 

For  the  more  modern  view  of  Laws  I.  and  11.  we  refer  the 
reader  to  Chapter  XIX.  §  8. 

§  17.  Contmuous  Rotat'ons  of  Currents. 

If  O  A  be  a  current  mobile  about  O  as  centre,  and  if  P  Q  be  a 
rectilinear  current,  the  above  first  two  laws  show  us  that  there  will 
be  continuous  rotation  of 
OA  through  the  posi- 
tions O  A',  O  A'',  O  M"y 
&c,  round  and  round. 

So  again,  if  A  B  C  be 
a  circular   current    and 
/m  be  a  current  mobile 
about  f  as  centre,  then      ~S" 
from  the  same  laws  we  can  again  predict  continuous  rotation. 

Experiments  have  been  devised  that  illustrate  these  actions.  For 
the  more  modem  view  of  the  same  we  refer  the  reader  to  Chapter  XIX. 

§9. 

§  18.  Ampere's  Laws  of  the  Actions  Between  Elements  of 
Currents. 

By  means  of  experiments  on  finite  currents,  and  by  deductions 
from  these  aided  by  arguments  based  upon  the  principle  of  '  symmetry,' 
Ampere  investigated  the  laws  governing  the  action  of  'elements  of 
current '  (see  §  2)  upon  one  another. 

These  laws  once  established,  he  employed  them  to  calculate  the 
actions  of  circuits  upon  each  other  in  various  cases,  the  calculations 
being  as  a  rule  long  and  laborious.  In  fact  he  worked  out,  in  a  manner 
which  commands  our  admiration,  a  very  complete  system  and  method 
of  attacking  electro-dynamical  problems — a  method  based  upon  the 
*  action  at  a  distance '  between  the  current  elements. 

Now,  however,  this  method  is  not  employed.    Faraday  introduced, 
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and  Clerk  Maxwell  further  worked  out  and  systematiscd,  the  electro* 
majjnetic  method  of  treating  all  electro-dynamical  matters.  In  this ' 
method  the  currents  are  treated  as  magnetic  systems  giving  magnetic 
fields  and  acted  upon  by  magnetic  fields.  This  view  is  far  more  fruit- 
ful than  is  Ampere's,  and  probably  represents  more  accurately  tiic 
physical  nature  of  the  actions.  The  views  and  methods  of  Ampere 
were  rather  those  of  a  mathematician  than  of  a  physicist. 

* 

With  respect  to  his  views  we  must,  however,  allow  that  for 
many  purposes,  e.g.  for  predicting  the  nature  of  the  movements 
that  will  ensue  in  certain  cases,  the  I^ws  I.  and  II.  given  in 
§  i6  are  very  convenient ;  and  they  should  certainly  be  committed 
to  memory  by  the  student,  as  expressing  and  summing  up  a  group 
of  experimental  results. 


cm.  XIX,  3^5 


CHAPTER  XIX. 

Laws  of  the  movements  of  currents  as  deduced  from  the 
consideration  of  magnetic  fields  and  potentials. 

§  T.  ITa^netic  Fields  and  Potentials.— In  Chapter  X.  we  dis- 
cussed, with  reference  to  electrostatic  phenomena,  various  matters 
of  importance  connected  with  fields  of  force,  lines  of  force,  poten- 
tials, equipotential  surfaces,  and  the  like.  The  reader  must  ob- 
serve that  all  the  general  propositions  there  given  hold  good, 
mutatis  mutandis^  for  any  field  where  the  forces  that  give  rise  to 

the  field  vary  as  ir.  They  hold  good,  e.g.,  for  magnetic  fields.  Thus 

we  can  test  and  investigate  a  magnetic  field  by  the  magnitude 
and  direction  of  the  force  acting  on  +  unit-magnetic-pole  in  the 
various  parts  of  the  field  :  and  again,  we  can  map  out  a  magnetic 
field  in  just  the  same  way  as,  in  Chapter  X.  §§  13,  14,  we  mapped 
out  the  electrostatic  field. 

So  also  magnetic-potential-differences  can  be  measured  by  the 
work  done  on  -|-  unit-pole,  the  work  being  measured  in  ergs. 
And  the  'tubes  of  force'  property  given  in  Chapter  X.  §  16 
applies  also  to  magnetic  tubes  of  force. 

§  2.  Movements  are  from  Higher  to  lower  Potentials. — When 
a  pole,  system  of  poles,  or  electric  circuit  equivalent  to  a  magnetic 
system,  is  placed  in  a  magnetic  field,  it  will  as  a  rule  be  urged  by 
forces.  By  the  very  definition  of  *  potential '  it  will  be  urged  from 
a  place  or  position  of  higher^  to  one  of  lower^  potential  \  or  it  moves 
from  a  place  or  position  to  which  it  could  have  been  brought  from 
an  infinite  distance  with  the  expenditure  of  more  work,  into  a 
place  or  position  to  which  it  could  be  brought  from  infinity  with 
less  work.  This,  in  the  case  of  electrostatics,  amounts  only  to 
saying  that  a  +  charge  moves  down,  and  a  — •  charge  moves  up, 
the  lines  of  force ;   for,  in  electrostatics,  we  deal  always  with 
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charges  that  are  either  +  or  — .  In  the  case  of  magnetic  fields 
we  may  be  dealing  with  simple  +  or  —  poles,  in  theory  at  least; 
and  with  regard  to  these  the  same  may  be  said.  But  we  may  be 
dealing  with  magnetic  shells  or  with  electric  circuits  that  are  equi- 
valent to  magnetic  shells  ;  and  in  such  cases  the  movements  may 
be  of  both  rotation  and  translation,  or  of  either  alone.  The  italic- 
ised statement  given  above  is  therefore  the  more  general  form  of 
the  law. 

To  make  matters  clearer  we  will  consider  the  case  of  a  field 
due  to  a  +  magnetic  pole  N.  A  simple  4-  pole  placed  in  this 
field  will  move  off  to  infinity  from  N,  and  a  simple  —  pole  will 
move  from  infinity  up  to  N  ;  in  both  cases  the  final  position  is 
that  to  which  the  +  pole  could  be  brought  from  infinity  with  least 
positive  (or  with  most  negative)  work.  A  magnetic  shell  placed  in 
the  field  will  turn  until  its  —  face  is  turned  towards  N,  and  will  then 
move  up  to  N  ;  the  final  position  being  that  into  which  it  could 
have  been  brought  from  infinity  with  the  most  negative  work  pos- 
sible. If  the  shell  were  compelled  to  slide  on  rails  so  as  to  keep  its 
+  face  towards  N,  it  would  then  move  off  to  infinity  ;  this  being, 
under  the  assumed  conditions  of  constraint,  the  position  of  lowest 
potential  possible. 

Whether  the  final  position  of  the  pole  or  magnetic  system  be 
one  of  low  positive-,  of  zero-,  or  of  negative-potential,  depends 
upon  the  conditions  of  each  particular  case.  But  this  final  position 
will  always  be  that  from  which  the  system  could  be  restored  to  its 
initial  position  only  with  the  expenditure  of  the  greatest  amount 
of  work  that  was,  under  the  existing  conditions  as  to  freedom  of 
movement,  &c.,  possible. 

§  3.  Potentials  on  Poles  and  on  Circuits. — Where  we  have 
magnetic /^/<?x  in  fields  due  to  magnetic  shells,  or  to  electric  circuits 
equivalent  to  magnetic  shells,  it  is  convenient  to  use  fox  iht potential 
on  these  poles  the  expression  given  in  Chapter  XVIII.  §§  8  and  9. 
This  expression,  mutatis  mutandis,  is  derived  mathematically  from 
the  fundamental  form  of  Chapter  X.  §§  7  and  9. 

If  we  have  a  magnetic  shell,  or  an  electric  circuit  equivalent 
to  this,  in  a  field,  it  is  convenient  to  derive  another  form  for  the 
expression  giving  the  potential  on  the  shell.  R2i:wrring  to  the 
method  of  mapping  out  fields,  given  in  Chapter  X.  §  14,  we  may 
consider  the  number  of  marked  lines  of  force  that  pierce  the  shell  or 
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Ciircuit.  These  are  said  to  pierce  the  circuit  in  a  +  direction  if 
tliey  run  into  its  +  face  and  out  at  its  —  face ;  that  is,  if  they  run 
^n  the  opposite  direction  to  the  circuifs  own  lines  of  force. 

By  considering  various  cases  the  reader  will  perceive .     .     .     . 

(i.)  That  when  a  shell  or  circuit  is  moved  from  infinity  into  a 
position  in  which  lines  of  force  pierce  it  in  a  +  direction,  then 
positive  work  is  done  on  the  shell. 

(ii.)  And  when  moved  into  a  position  in  which  on  the  whole 
no  marked  lines  of  force  pierce  it,  or  in  which  [if  plane]  it  lies 
*  edgewise '  to  the  field,  then  no  work  is  done. 

(iii.)  And  when  moved  into  a  position  in  which  the  lines 
pierce  it  in  a  —  direction,  then  negative  work  is  done.  If  then 
we  so  move  the  shell  that  more  lines  pierce  it  in  a  +  direction, 
or  fewer  lines  pierce  it  in  a  —  direction,  we  do  positive  work  on 
the  shell ;  and  conversely.  The  former  position  is  the  one  of 
higher  potential. 

The,  foregoing  is  reasoning  of  a  general  nature  :  we  will  now 
examine  this  matter  in  a  more  exact  manner.  It  was  stated  in 
Chapter  XVIII.  §§  8  and  9  that  the  potential  of  a  shell  or  circuit 
on  a  pole,  or  of  a  pole  on  a  circuit — (this  potential  must  by  'Con- 
servation of  energy'  be  mutual) — is  given  by  the  expression  ftyc,  or 
/A  C  12,  respectively.     Here  C  is  in  absolute  electromagnetic  units. 

Now  a  pole  fi  gives  out  47r/i  lines  of  force  all  round  it,  or  over  the 
whole  solid  angle  47r  ;  this  following,  mutatis  mutandis^  from  Chapter 
X.  §§  14  and  15.  Hence  unit  solid  angle  will  enclose  /m  of  the  lines, 
and  a  solid  angle  0  will  enclose  /i  12  lines. 

Hence  we  may  write  the  expressions  \i.j£i  and  /m  C  12  in  the  equi- 
valent forms/ N  and  C  N  ;  where  N  is  the  number  of  marked  lines, 
due  to  the  pole  /x,  that  are  included  within  the  boundary  of  the  shell 
or  circuit. 

Since  this  expression  for  the  potential  on  the  shell  or  circuit  holds 
for  each  such  pole  as  fi,  and  since  we  may  consider  that  any  magnetic 
field  is  due  to  a  system  of  poles,  it  follows  that  when  a  circuit  of  cur- 
rent-strength C  is  in  a  magnetic  field,  the  potential  on  the  circuit  is  + 
CN. 

So,  again,  the  work  done  in  any  change  of  position  will  be  measured 
(in  ergs^  of  course)  by  the  value  of 

±  C  (N,  -  N,) 
where  Nj  and  Nj  are  the  number  of  marked  lines  embraced  by  the 
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circuit  in  the  first  and  second  positions  respectively  ;  C  being  expressed 
in  absolute  electro-magnetic  units.  The  sign  of  the  work  done  is 
easily  settled  in  any  particular  case  by  the  principle  explained  earlier 
in  this  present  section. 

§  4.  Oeneral  law  of- Movement  of  (Magnetic  Shells  or  of) 
Electric  Circuits. — From  §§  2  and  3  considered  together  it  fol- 
lows that 

*  A  circuit  (bearing  a  current)  when  placed  in  a  magnetic  field 
tends  to  place  itself  in  such  a  position  that  as  many  lines  of  force 
as  possible  pierce  it  in  the  negative  direction.' 

In  other  words,  it  tends  to  move  into  the  position  of  greatest 
negative  potential.  If  so  constrained  that  it  cannot  turn  itself  so 
as  to  embrace  the  lines  of  force  negatively,  then  it  will  move  so  as 
to  embrace  as  few  positive  lines  of  force  as  is  possible ;  or  will 
move  into  the  position  of  lowest  positive  potential. 

And  a  circuit,  completely  free  to  move,  tends  to  place  itself, 
firstly,  so  that  the  lines  of  the  field  run  with  its  own  lines,  or  run 
into  its  south-polarity  face  and  out  of  its  north-polarity  face; 
secondly,  so  that  as  many  lines  as  possible  are  enclosed  by  the 
boundary  wire. 

§  5.  The  Case  of  a  XTniform  Field. — In  a  uniform  field  the 
lines  of  force  are  parallel  and  equidistant. 

Hence  a  circuit  cannot  here  gain  more  lines  by  moving  from 
one  part  of  the  field  to  another  ;  only  by  turning  into  a  suitable 
position. 

Thus  in  the  earth's  uniform  field  the  floating  circuit,  described  in 
Chapter  XVIII.  g  9,  will  only  *set'  itself  so  that  its  plane,  which  is 
vertical,  may  be  perpendicular  to  the  horizontal  component  of  the 
field  ;  it  will  have  no  movement  of  translation.  In  this  it  behaves  as 
would  its  equivalent  magnetic  shell. 

It  is  possible  to  place  the  circuit  so  that  the  field  lines  run 
exactly  against  the  circuit's  lines  ;  in  this  case  it  is  in  unstable 
equilibrium,  and  cannot  so  turn  as  to  obey  the  above  *  law '  until 
slightly  displaced. 

§  6.  The  Case  of  a  Field  not  XTniform. — In  this  case  the  cir- 
cuit can,  by  moving  from  one  part  of  the  field  to  another  part, 
embrace  more  or  fewer  lines  of  force. 

If  quite  free  to  move  it  will  turn  itself  so  that  the  field  lines 
run  with  its  own  lines,  and  will  also  move  into  the  strongest  part 
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the  field  where  the  lines  are  closest  together.      It  will  then 

embracing  as  many  —  lines  as  possible.  If  constrained  by  any 
maeans  to  keep  so  turned  that  its  lines  run  against  those  of  the 
field,  it  will  then  move  into  the  weakest  part  of  the  field  ;  for 
^feere  it  will  embrace  as  few  +  lines  as  possible,  which  is  all  that 
*^  can  do  under  the  assumed  conditions. 

§  7.  The  Case  of  Incomplete  Circuits. — What  we  have  said 
^lx)ve  gives  very  simply  the  law  by  means  of  which  we  can  predict 
tihe  general  nature  of  the  movements  of  magnetic  shells,  or  of 
Ciomplete  electric  circuits  equivalent  to  magnetic  shells. 

But  we  have,  in  Chapter  XVIII.  §§  15,  16,  and  17,  given 
cases  of  movements  on  which  it  is  not  at  all  easy  to  see  at  first 
glance  how  the  general  law  of  §  4  can  have  any  bearing  at  all. 
In  the  cases  referred  to  we  seem  to  be  dealing  with  portions  of 
currents,  often  rectilinear  ;  not  with  circuits. 

It  is  more  direct,  and  sometimes  simpler,  to  treat  the  move- 
ments of  rectilinear  currents  (and  of  other  incomplete  circuits) 
from  the  point  of  view  of  the  fundamental  law  of  action  given  in 
Chapter  XVIII.  §  12.  We  may  throw  the  law,  there  given,  into 
the  following  somewhat  more  general  form 

*  A  rectilinear  current  placed  in  a  magnetic  field  is  urged  to  maze 
at  right  angles  to  its  own  length  and  perpendicularly  to  the  lines  of 
force  ;  the  direction  of  movement  being  to  the  left  for  a  person  who  is 
swimming  with  the  current  and  looking  down  the  lines  of  force, ^ 

The  word  *  down '  means  along  the  direction  in  which  a  +  pole  is 
urged  ;  or  along  the  +  direction  of  the  lines. 

It  is,  however,  important  to  observe  that  we  can  also  treat 
these  movements,  and  the  above  law,  from  the  point  of  view 

of  §  4- 

If  we  consider  an  indefinite  rectilinear  current,  we  have  as  we 

know  a  field  of  force  composed  of  lines  that  form  circles  about 

'the  wire,  the  planes  of  the  circles  being  perpendicular  to  the 

wire  {see  Chapter  XVII.  §1). 

Now  if  we  imagine  a  plane  magnetic  shell  whose  edge  coincides 

with  the  wire,  and  which  has  no  other  boundary  excepting  this 

edge  but  extends  to  infinity,  it  can  be  shown  that  the  field  of  force 

due  to  this  magnetic  shell  would  also  consist  of  lines  forming 

circles  about  the  edge ;  in  fact,  it  can  be  shown  that  the  fields  due 
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to  the  wire,  and  due  to  an  infinite  magnetic  shell  whos 
bounding  edge  coincides  with  the  wire,  would  be  exact 
same;  provided,  of  course,  that  the  shell  has  a  suitable  'str 
So  long  as  the  edge  of  the  shell  coincides  with  the  \ 
makes  no  difference  in  what  direction  from  the  wire  the : 
supposed  to  extend.  Thus,  if  the  wire  were  vertical  the  shell 
extend  to  infinity  in  any  azimuth,  to  N.,  to  S.,  to  E.,  or  to  \ 
field  given  by  it  remains  constant.  But  it  is  an  accepted  pr 
that  if  the  fields  due  to  two  magnetic  systems  are  the  sai 
may  for  all  electro-magnetic  purposes  consider  these  system 
etjuivalent. 

We  may  thus  consider  any  indefinite  rectilinear  curren 
replaceable  by  a  magnetic  shell  as  described  above  ;  or,  as  \ 
fairly  deduce  from  the  results  summed  up  in  Chapter  XVL 
we  may  consider  it  to  be  one  side  of  an  electric  circuit  the 
which  is  at  an  infinite  distance.     We  will  now  show  that  i 

of  movement  given  (in 
above  could  have  be 
dieted  from  the  pi 
enunciated  in  §  4. 

In  the  accompany i 
gram  the  dots  repre 
section  a  field  of  foi 
lines  running  from 
down  into  the  plane 
diagram. 

A  B   represents  a 
rectilinear  current,  the  direction  of  the  current  being  from 
Let  AC  and  B  D  extend  *to  infinity'  in  a  direction  e 
pendicular  to  the  line  A  B  ;  and  let  C  D,  which  comple 
circuit,  be  at  infinity,  or  at  least  so  far  away  as  to  lie  outs 
magnetic  field  considered. 

Then,  as  far  as  movements  in  this  field  are  concern 
may  consider  the  wire  A  B  to  be  one  side  of  the  *  infinite  ^ 
AC  DBA. 

In  the  case  drawn,  the  circuit  '  embraces  —  lines  of  for< 
§  3,  end)  for  the  lines  of  force  are  running  down  into  a 
which  the  current  runs  clockwise,  i.e,  into  a  S  face.  Heno 
should  be  a  movement  of  A  B  to  the  /eft,  so  that  the  circi 
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embrace  more  —  lines  of  force,  according  to  the  principle  of  §  4. 
And  this  movement,  thus  predicted,  is  what  would  follow  from 
the  principle  of  Chapter  XVIII.  §  12,  as  expressed  in  the  italicised 
law  given  above. 

If  the  circuit  A  C  D  B  lay  away  to  the  left  of  A  B  then  the 
lines  would  be  piercing  the  circuit  in  a  +  direction ;  and  A  B 
would  still  move  to  the  left,  in  order  that  A  B  C  D  might 
embrace  fewer  +  lines  of  force.  And  so  for  all  positions  of  our 
infinite  circuit. 

We  have  thus  shown  that  the  simple  law  of  Chapter  XVIIv 
§  1 2  does  fit  in  with  the  more  general  principle  of  §  4  of  this 
Chapter,  though  perhaps  the  agreement  may  seem  a  little  artificial. 

§  8.  Beconsideration  of  Ampere's  Laws. — We  will  now  re- 
consider, from  the  point  of  view  that  we  have  explained  in  the 
present  Chapter,  the  two  main  laws  of  currents  enunciated  by 
Ampere  ;  viz.  the  laws  of  parallel,  and  of  angular,  currents.  The 
reader  is  referred  back  to  Chapter  XVIII.  §  16,  Laws  I.  and  II. 

For  simplicity  we  will  suppose  the  currents  to  be  rectilinear 
and  indefinite  in  length,  and  we  will  consider  them  to  be  replaced 
by  infinite  plane  magnetic  shells  as  explained  in  the  last  section, 
or  by  the  equivalent  infinite  circuit.  Each  will  give  a  field  of  the 
nature  explained  in  Chapter  XVII.  §  i,  and  elsewhere.  And  each 
circuit  will  embrace  more  or  fewer  -f  or  —  lines  of  force  due  to 
the  other.  If  the  wires  are  parallel  and  the  currents  run  in  the 
same  direction,  then  the  lines  of  each  current  cut  the  other  circuit 
negatively ;  while  if  the  currents  run  in  opposite  directions,  the 
lines  of  each  will  cut  the  other  circuit  positively.  This  will  be 
true  in  whatever  *  azimuths '  the  two  infinite  circuits  lie.  Hence 
in  the  former  case  we  should,  from  the  principles  of  §  4,  predict 
that  the  wires  would  move  towards  each  other  ;  and  in  the  latter 
case,  from  each  other.  In  the  former  case  the  movement  causes 
each  circuit  to  embrace  more  —  lines  of  force  ;  and  in  the  latter 
case  the  movement  causes  each  to  embrace  fewer  +  lines  of 
force.  The  movements  actually  observed  would  thus  have  been 
predicted. 

In  the  case  of  *  angular  currents '  the  same  general  reasoning 
would  be  followed.  If  the  currents  are  at  some  small  angle,  and 
are  in  opposite  directions,  then  each  circuit  is  embracing  +  lines 
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of  force  due  to  the  other  current.  If  this  angle  opens  out,  the 
number  of  +  hnes  embraced  is  decreased  ;  and  it  becomes  zero 
when  the  currents  are  at  right  angles  to  each  other,  since  now 
each  circuit  is  edgeways  to  the  lines  of  force  due  to  the  other. 
Further  rotation  will  cause  each  circuit  to  embrace  —  lines  due 
to  the  other ;  and  the  number  embraced  will  be  greatest  when  the 
currents  are  parallel  and  in  the  same  direction. 

§  9.  Cases  of  Continaous  Rotation. — Referring  to  the  cases  of 
continuous  rotation  given  in  Chapter  XVIII.  §§14  and  17,  we 
may  say  that  it  is  not  easy  to  apply  to  them  in  a  direct  manner  ihe 
principle  of  §  4  above.  Such  direct  application  will  always  appear 
to  be  forced  and  artificial 

It  is  better  to  apply  the  italicised  law  of  §  7  of  the  present 
Chapter,  being  content  with  having  shown  that  this  law  is  in 
accordance  with  the  more  general  law  of  §  4. 

Applying  this  law  we  see  that 

(i.)  In  Chapter  XVIII.  §  14,  fig.  ii.,  the  mobile  portion  of  the 
circuit  is  urged  continually  across  the  lines  of  force  that  radiate 
from  the  magnet  pole. 

(ii.)  In  Chapter  XVIII.  §  17  the  mobile  radial  wire  is  con- 
tinually urged  across  the  lines  of  force  due  to  the  circular  current; 
these  lines,  as  seen  earlier,  cutting  the  plane  of  the  circuit  at  right 
angles. 

§  10.  Potentials  Due  to  Circnits  {continued). 

We  have  said  that,  as  regards  the  external  field,  circuits  are  equi- 
valent to  magnetic  shells  of  the  same  boundary  and  '  strength.' 

But  there  is  an  important  difference  between  the  two ;  inasmuch 
as,  in  the  case  of  circuits,  a  pole  can  thread  its  way  through  the  cir- 
cuit and  can  come  back  to  its  original  position.  It  is  clear  then  that 
we  can  do  any  amount  of  -♦■  or  —  work  on  a  pole  by  causing  it  to 
perform  complete  tours  through  a  circuit,  without  any  change  in  the 
initial  and  final  solid  angle  12  subtended  by  the  circuit.  The  question 
arises,  What  work  is  done  in  one  such  complete  tour  of  a  pole  /i  ? 

Without  going  fully  into  the  matter  we  may  explain  to  some  extent 
as  follows.  In  a  plane,  a  line  may  perform  a  complete  revolution 
round  a  point  and  may  come  back  to  its  initial  position  ;  it  will  be  in 
the  same  place  as  before,  but  will  have  described  a  plane  angle 
measured  by  one  complete  revolution,  i.e,  by  2  w.  Similarly,  when 
the  pole  has  performed  a  complete  tour  through  the  circuit,  the  solid 
angle  subtended  by  the  circuit  has  really  changed  by  what  we  may 
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from  analogy  call  *  a  complete  solid  revolution';  and  this  is  a  solid 
angle  of  4  n-. 

Hence,  if  in  one  position  of  the  pole  fi  the  solid  angle  subtended  is 
Qj,  and  in  another  position  it  is  I2o,  and  if  further  the  pole  have  also 
performed  a  complete  tours  in  one  and  the  same  direction  through  the 
circuit,  then  the  solid  angle  has  changed  by  an  amount  measured  by 
(+  4 an  +  O,  —  Q,) ;  the  double  sign  being  due  to  the  fact  that  the 
tours  may  have  taken  place  in  the  one  or  the  other  direction  respec- 
tively. 

Hence,  from  §§  8  and  9  of  Chapter  XVIII.,  we  have  for  the  work 
done  on  or  by  the  pole  in  the  above  movement  the  expression    .    ,    . 

fiC(+4«7r  +  O,  -  Qo\ 

If  the  pole  comes  back  to  the  same  position,  so  that  Qj  =  O^^,  we 
have  for  the  work  the  expression 

+  4air  fiC 

In  the  case  of  an  indefinite  rectilinear  current,  the  same  formula 
holds  with  respect  to  complete  tours  round  the  wire ;  the  case  of  in- 
complete tours  will  not  be  noticed  here.  We  regard  the  indefinite 
rectilinear  current  as  the  edge  of  an  indefinitely  large  circuit ;  and  the 
work  done  in  a  complete  tours  of  the  pole  ^  will  be  given  by  the 
formula  +  4aTrfiC.    [Here  C  is  in  absolute  electro-magnetic  units.] 

§  1 1.  PotentialB  on  Circuits  (continued). 

So,  again,  the  expression 

C  (N.  -  N,) 

of  §  3  does  not  give  the  total  change  of  potential  on  a  circuit  due  to  a 
magnetic  field,  if  this  field  be  due  to  a  pole  which  performs  tours 
through  and  round  the  circuit. 

As  in  statical  electricity  (see  Chapter  X.  §  14)  we  saw  that  +  Q 
gave  4  »r  Q  marked  lines  of  force,  so  a  pole  of  strength  /m  gives  4  tt  /x 
lines  of  force.  Each  time  that  the  pole  performs  the  tour  through  and 
round  the  circuit,  all  these  lines  of  force  are  caused  to  pierce  the  circuit. 
Thus  each  tour  may  be  regarded  as  adding  4  tt  /x  marked  lines  to  those 
piercing  the  circuit.  Hence,  to  the  above  expression  we  must  add 
±  4  a  7r  ft  C,  if  the  pole  fi  have  performed  a  complete  tours  between 
the  two  positions,  all  in  one  or  the  other  direction.  As  before,  the 
infinite  rectilinear  current  may  be  regarded  as  a  particular  case. 
Hence,  a  complete  revolutions  of  the  pole  round  the  current  give 
work  measured  by  +  4  «  tt  ft  C. 


X  7. 
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CHAPTER  XX. 

SOLENOIDS,    ELECTRO-MAGNETS,   DIAMAGNETISM,    AND   ELECTRO- 
OPTICS. 

§  I.  Cylindrical  Magnet  built  up  of  Circular  LamiusB.— Just 
as  in  Chapter  I.  §  5  we  considered  the  ideally  perfect  linear 
magnet  as  built  up  of  small  linear  elements  each  of  which  was  a 
perfect  magnetic  needle,  so  in  the  case  of  solid  cylindrical  magnets 
perfectly  magnetised  we  may  consider  the  whole  to  be  built  up  of 
a  series  of  thin  magnetic  laminae  in  each  of  which  the  magnetic 
distribution  is  *  lamellar'  (see  Chapter  XVIII.  §  7). 

Each  element  will  be  a  magnetic  disc  in  which  the  one  face 
is  uniformly  -f,  and  the  other  uniformly  — .  The  total  external 
action  of  the  whole  uniformly  magnetised  cylinder  will  be  that  of 
the  two  end  surfaces,  the  one  +  and  the  other  — . 

§  2.  The  Ideal  Solenoid. — Now  by  what  we  have  stated  in 
Chapter  XVIII.,  a  circular  current  is  exactly  equivalent  to  a 
plane  circular  magnetic  shell.  We  should  suppose,  then,  that  if 
we  built  up  a  cylinder  composed  of  such  circular  currents,  placed 
with  their  +  faces  all  turned  in  the  same  direction,  we  should 
have  the  equivalent  to  a  cylindrical  magnet. 

In  such  a  system  of  plane  circular  currents  the  opposed  + 
and  —  faces  of  the  successive  elements  would  neutralise  each 
other  with  respect  to  external  action,  leaving  only  the  two  end 
faces,  +  and  —  respectively,  to  act. 

An  arrangement  of  this  sort  is  called  the  idea/  solenoid. 

§  3.  The  Practical  Solenoid. — It  is  not,  however,  practicable 
to  form  such  an  arrangement  of  plane  circular  currents,  each 
complete  in  itself 

The  nearest  approach  to  it  that  we  can  make  is  a  current  of  a 
spiral  form,  the  turns  of  the  spiral  being  flat  and  close  together. 
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By  the  principle  of  Chapter  XVIII.  §  11,  each  turn  AB^  of 
lis  flat  spiral  is  approximately  equivalent  to  two  components : 
^:t)  a  plane  circular  current  B^^,  the  projection  of  the  spiral; 
^  3)  a  linear  current  of  length  A  ^,  lying  perpendicular  to  the  plane 
^^f  the  circle,  and  passing  through  its  centre  {see  fig.  i.). 

Thus,  the  whole  spiral  will  be  equivalent  to  (\,)  an  ideal  sole- 
noid composed  of  plane  circular  currents,  its  length  and  diameter 


Fig.  i. 


Fig.  ii. 


being  those  of  the  spiral;  and  (ii.)  a  linear  current,  coinciding 
with  the  axis  of  the  spiral. 

If,  then,  we  cause  the  current  to  return  along  the  interior  of 
the  spiral,  we  can,  for  the  external  field,  neutralise  the  linear  com- 
ponent of  the  spiral.  Such  an  arrangement,  represented  in  the 
accompanying  fig.  ii.,  is  th^  practical  solenoid. 

A  spiral  in  which  the  linear  component  is  unneutralised  will 
give  us  both  a  field  similar  to  that  of  a  cylindrical  magnet,  one  in 
which  the  lines  of  force  lie  in  planes  passing  through  the  axis  of 
the  spiral,  and  also  a  field  similar  to  that  of  Chapter  XVII.  §  i, 
composed  of  circles  about  the  axis  of  the  spiral  and  lying  in  planes 
perpendicular  to  it.  These  two  components  give,  of  course,  a 
single  field  which  is  nearly  that  of  a  cylindrical  bar-magnet,  but  in 
which  the  lines  of  force  do  not  lie  exactly  in  planes  containing  the 
axis  of  the  spiral. 

Experiments.  — {i.)  Experiment  with  a  spiral  current,  in  which  the  linear 
component  is  uncompensated,  on  a  balanced  magnetic  needle.  It  can  be  shown 
that  as  a  whole  the  action  of  a  spiral,  if  its  coils  be  flat  and  close  together,  is 
mainly  that  of  a  weak  bar-magnet  of  the  same  shape. 

Now  hold  the  spiral  vertically,  so  that  its  axis  is  situated  with  respect  to 
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tnc  needle  as  was  Ihe  lineai  curreot  in  Cbipter  XVII.  §  i.  It  wilt  be  Ira 
that  there  is  an  action  on  the  needle  showing  the  casbtatx  of  the  ditolMli 
of  force  about  the  axis. 

(iL )  Experimenting  with  '  practical  solenoid,'  or  spiral  in  which  the  lio 
component   is   neutralised   by  the  return  current  led   through   the  inter 
we  find  thn,t  the  second  action  disappears  ;  the  field  is  that  of  a  weak  tm-  I 
magnet. 

(iii.)  Experimenting  with   one   solenoid   on  another  balanced   upon  u 
Ampere's  stand,  we  can  show  the  resemblanoe  to  the  action  of  two  bat-mapitB   I 
on  each  other. 

(iv.)  A  magnet  acts  upon  a  balanced  solenoid  as  on  a  balanced  magDCL 

(v.]  A  solenoid  suitably  balanced  will  show  the  decUnation  and  inclini'    ] 


That  end  of  the  solenoid  in  which,  as  one  taces  it,  the  cuTent 
runs  clockwise  will  be  —  or  S-seeking;  that  end  in  which  the 
current  is  counter-clockwise  will  be  +  or  N-seeking. 

(vi, )  If  we  hold  a  solenoid  vertically  and  place  a  sheet  of  glass  hiwuon- 
tally  above  it,  iron  tilings  will  show  us  lines  of  force  radiating  from  its  poles 
as  in  the  case  of  a  bar-magnet.  If  we  treat  a  common  spiral  current,  with 
the  linear  component  uncompensated,  in  a  similar  manner,  the  lines  of  force 
radiating  from  Ibe  poles  will  have  n  slight  spiral  twist. 

§  4.  Ampere's  Theory  of  Ka^etiam. — Struck  with  the  close 
resemblance  between  a  solenoid  and  a  bar-magnet  of  the  same 
shape,  Ampfere  constructed 
theory  of  magnetism 
which  should  accourt 
for  this  resemblance.  He 
considered  that  in  each 
molecule  of  the  magnetic 
substance  there  circulates 
continually  an  electric  cur- 
it ;  this  current  being 
self- sustained  and  con- 
stant, and  pursuing  an  invariable  path  round  the  molecule. 

As  in  all  molecular  hypotheses  of  magnetism  (for  which  see 
Chapter  I.  §  5),  neutrality  or  evident  magnetism  are  merely  a  matter 
of  the  arrangement  of  the  molecules. 

In  Ampere's  theory,  a  bar  would  be  magnetised  to  a  maximum 
when  the  molecules  had  so  turned  that  all  their  ciurents  were 
parallel. 
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This  condition  of  things  is  represented  in  the  figure,  where  the 
Iwo  ends  of  the  bar  are  shown.  It  is  reasonable  to  suppose  that, 
except  on  the  surface,  the  currents  of  neighbouring  molecules 
would  neutralise  each  other  with  respect  to  external  effect ;  since, 
as  shown,  the  neighbouring  pairs  of  contiguous  currents  would  be 
equal  and  opix)site.  There  would,  therefore,  be  left  only  the  out- 
side ring  of  molecular  currents ;  and  these  may  be  supposed  to 
be  equivalent  to  one  continuous  Circular  current.  Thus,  if  we 
consider  the  bar  to  be  cut  into  flat  discs  as  in  §  i  above,  each 
disc  would  be  equivalent  to  a  plane  circular  current ;  and  the 
whole  bar  would  be  equivalent  to  a  solenoid,  as  regards  the  external 
field. 

§  5.  Solenoid,  and  Hollow  Cylindrical  Hagnet,  Contrasted. — 
In  fig.  i.  we  represent  in  section  a  solenoid,  and  a  few  of  its  lines 


Fig.  L 


of  force  are  also  given,  the  arrows  representing  their  -f-  direction. 
It  will  be  seen  that  inside  the  solenoid  the  lines  run  in  a  contrary 
direction  to  that  which  they  have  outside. 

In  fig.  ii.  is  given  in  section  a  hollow  cylindrical  magnet, 
in  like  manner.  Here,  the  lines  along  the  inside  have  the  same 
direction  as  outside.  The  outside  field  has  the  same  general 
character.  But  while  all  the  lines  of  the  solenoid  run  continuously 
through  and  round  the  hollow  tube,  in  the  case  of  the  hollow 
magnet,  on  the  other  hand,  all  the  lines  run  into,  and  end  in, 
the  solid  steel  that  forms  the  side  of  the  hollow  cylinder.  In  fact, 
we  must  remember  that  the  complete  solenoid  is  equivalent  to  a 
magnet,  as  regards  external  field,  but  any  longitudinal  slip  of 
it  taken  alone  is  not  equivalent  to  a  magnet ;  while  each  such 
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longitudinal  slip  of  the  hollow  magnet  is  itself  a  complete  magnet, 
the  hollow  cylinder  being  not  a  simple  whole,  but  being  a  com- 
pound aiiangement  formed  of  a  system  of  magnets  arranged  as 
are  the  staves  in  a  barrel. 


«%•* 


$  6  Katter  Placed  in  a  Vniform  Xa^etio  Field  of  Force.— 
Let  us  consider  a  uniform  field  of  magnetic  force,  and  a  cylinder 
of  any  mateiial,  whose  two  ends  are  plane  faces  standing  perpen- 
dicular to  its  axis,  so  placed  as  to  lie  with  its  axi$  along  the  lines 
of  force  of  the  field. 

In  the  case  of  soft  iron,  or  of  steel  previously  unmagnetised, 
we  find  that  the  magnetisation  is  such  that  we  have  evident  mag- 
netism at  the  two  end-surfaces  only  ;  if  we  neglect,  as  relatively 
unimportant,  the  irregularities  thai  occur  at  the  edges  where  the 
molecules  are  free  towards  the  outside  and  in  contact  with  other 
molecules  towards  the  inside.  Over  these  end-surfaces  the  density 
,1  of  magnetisation  {see  Chapter  XVIII,  §  7)  will  be  approximately 
uniform.  There  is  no  experimental  reason  for  supposing  but  that 
cylinders  of  any  material  are,  if  sensibly  magnetised  at  all,  mag- 
netised in  a  similar  manner  to  the  above. 

The  value  of  this  density  p  depends  (i.)  upon  the  field-strength 
I,  and  (ii.)  upon  the  nature  of  the  material  of  which  the  cylinder 
is  composed.  Now  experiment  indicates  that,  so  long  as  the  bar 
is  far  from  Saturation  {see  Chapter  I.),  then  p  is  directly  proportional 

to  the  field-strength  I.     Thus  we  may  write 

P  =  kl 
where  -f  is  a  quantity  depending  upon  the  nature  of  the  material. 
When  the  field- strength  I  =  uni/y,  then  i  is  numerically  equal  to  /j. 
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lis  quantity  k  is  called  the  coefficient  of  magnetisation  of  that  ma- 
"t^rial,  and  is  measured  by  the  value  which  a  has  when  I  =  unity. 

Without  at  present  discussing  whether  the  following  assump- 

'  ticns  are  physically  possible  (we  shall  see  later  that  they  are),  let 

VIS  assume  that  k  may  be  a  -h  quantity,  zero,  or  a  —  quantity ; 

si^iid  let  us  consider  what  would  be  the  observed  condition  of  the 

cylinder  in  the  three  cases  respectively. 

(I.)  Let  k  =  a  +  quantity, — This  would  make  (»  positive, 
"hat  is,  remembering  what  is  the  -h  direction  of  the  lines  of 
^orce,  we  should  observe  a  north-seeking  polarity  at  the  end  lying 
€\irthest  down  the  lines  of  force,  and  a  south-seeking  polarity  at 
^Iie  other  end.  Or  this  case  is  the  usual  one  of  soft  iron  or  other 
"Hiagnetic  matter  placed  in  a  field  of  force. 

(II.)  Let  k  =  zero, — Here  we  observe  no  polarity,  since  p  =  o. 
-  That  is,  the  material  is  one  whose  presence  in  the  field  makes  no 
difference  to  it. 

(III.)  L^t  k'=^a  —  quantity, — In  this  case  p  will  have  a  con- 
trary sign  to  that  which  it  had  in  case  (I.).  Or  the  material  would 
be  one  in  which  induction  takes  place  in  a  contrary  direction  to 
that  observed  in  iron;  thus  a  north-seeking  pole  of  a  magnet 
would,  at  any  rate  apparently,  induce  in  a  bar  of  such  material  a 
north-seeking  pole  at  the  end  nearest  to  the  former. 

In  order  that  we  may  now  use  convenient  names  for  different 
classes  of  bodies,  we  shall  to  some  extent  forestall  what  will  be 
discussed  more  fully  later  on  in  this  Chapter. 

We  may,  therefore,  state  that  there  is  in  the  first  place  a  class 
of  bodies  for  which  ^  is  -h  ;  or  for  which  induction  takes  place 
down  the  lines  of  force,  as  in  the  case  of  iron.  Such  bodies,  of 
which  iron  (including  steel)  is  by  far  the  most  important,  are  called 
.  magnetic^  or  more  properly  paramagnetic.  In  the  case  of  very 
pure  soft  iron,  k  has  a  large  value  ;  thus  the  presence  of  a  bar  of 
such  iron  in  a  magnetic  field  may  increase  the  field-strength  near 
the  poles  even  fifty-fold. 

There  is,  secondly,  another  large  class  of  bodies  for  which  k 
is  —  ;  or  for  which  induction  takes  place  up  the  lines  of  force,  or 
in  the  contrary  direction  to  the  above.  For  such  bodies  k  is  very 
small.  For  example,  if  a  bar  of  bismuth  be  placed  in  a  magnetic 
field,  this  field  will  appear  to  be  slightly  weakened  near  the  poles 
of  the  bar,  in  virtue  of  the  opposed  induced  polarity  of  the  bar ; 
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but,  from  the  smallness  of  k^  the  field  as  a  whole  is  but  vq 
slightly  affected.  Such  bodies  are  called  diamagnetic.  (For 
further  discussion  see  §§14  and  15.) 

§  7.  Moyements  of  Small  Bodies  in  a  iron-TIniform  Kagiub 
Field. — Let  us  now  consider  a  field  that  is  not  uniform,  and  a 
small  body  placed  in  the  field.  By  small  body  we  here  mean  one 
so  small  with  respect  to  the  whole  field  that  it  can  be  considered 
to  be  all  of  it  in  a  stronger  or  weaker  part  of  the  field  at  the  same 
time  ;  and  yet  not  so  small  but  that  one  side  of  it  is,  in  our  non- 
uniform field,  in  a  part  of  the  field  of  somewhat  different  strength 
to  that  in  which  the  other  side  finds  itself.  We  will  consider 
what  will  be  its  behaviour. 

(L)  Small  magnetic  bodies, — It  can  be  shown  that  a  smaB 
magnetic  body,  such  as  an  iron  pellet,  for  example,  is  urged  from 
weaker  to  stronger  parts  of  the  field. 

Thus,  if  a  small  iron  pellet  be  presented  to  a  pole  of  a  magnet 
(the  usual  case  of  a  non-uniform  field)  there  will  be  induced  an 
opposed  polarity  on  the  side  next  to  the  pole,  and  a  similar 
polarity  on  the  side  more  remote.  The  former  will  be  attracted, 
and  the  latter  will  be  repelled,  by  the  pole ;  these  two  polarities 
are  equal  in  magnitude  but  opposite  in  sign.  Now  the  former 
polarity  is  in  a  stronger  field  than  is  the  latter,  and  hence  attrac- 
tion will  predominate,  and  the  pellet  will  move  towards  the 
pole. 

(IL)  Small  diamagnetic  bodies, — For  similar  reasons  a  small 
dlamagnetic  body  is  urged  from  a  stronger  into  a  weaker  part  of 
the  field. 

§  8.  The  '  Setting '  of  a  long  Body  in  a  Uniform  Hagnetie 
Field. — Next  let  us  consider  the  case  of  a  long  cylinder  placed  in 
a  uniform  magnetic  field,  at  an  angle  with  the  lines  of  force  of 
the  field.  We  will  represent  our  cylinder  as  composed  of  a  series 
of  small  spheres  placed  near  to  one  another.  This  is  a  convenient 
representation,  and  though  not  an  accurate  one,  will  not  invali- 
date the  very  general  results  at  which  we  shall  arrive. 

(I.)  A  magnetic  cylinder, — Fig.  i.  represents  a  cylinder  of  iron. 
Each  of  the  little  spheres  A  BC  D  would,  if  it  stood  alone,  be  mag- 
netised in  the  direction  of  the  lines  of  force  of  the  field  Tnis 
is  represented  by  the  lettering  n  s\n  each.  There  is,  however, 
inductive  action  between  the  spheres,  each  nox  s  inducing  an  ^  orH 
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.,^^pectively  in  the  nearest  portion  of  the   neighbouring  sphere. 

^Tie  total  result  will  be  that  each  little  sphere  is  magnetised,  not 
^^loog  the  lines  of  the  field,  but  in  a  direction  represented  by  n'  s 
"^^  ^.  ii.,  lying  between  the  direction  of  the  field  and  the  direc- 

^On  of  the  cylinder, 
-    Thus  each  little  sphere  is  acted  upon  by  a  couple  tending  to 
"  Orag  n'  s'  into  the  direction  of  the  lines  of  the  field  (see  Chapter  IL 
^  12).      Hence  there  will  be  a  couple  acting  upon  the  whole 


Fig.  ii. 


Fig.  i. 


cylinder,  and  there  will  be  stable  equilibrium  only  when  this 
lies  along  the  lines  of  force.  It  is  to  be  noticed  that  in  this 
position  the  external  and  internal  actions  concur  to  give  the 
maximum  magnetisation. 

When  the  cylinder  is  perpendicular  to  the  field  there  is  also 
equilibrium,  but  unstable.  In  this  position  the  internal  induction 
acts  against  the  external,  and  the  magnetisation  is  at  a  minimum. 

We  may  therefore  state  that 

A  magnetic  cylinder  tends  to  set  along  the  lines  of  force  of  a  uni- 
form field ;  that  is,  to  assume  the  position  in  which  its  magnetisation 
is  at  a  maximum, 

(II.)  A  diamagnetic  cylinder, — In  this  case  the  external  and 
internal  induction  will  both  be  the 
reverse  of  what  it  was  in  case  (I.). 
Thus  we  must  interchange  the  letters 
n  and  s  in  the  above  given  figures  ; 
and  must  further  remember  that  each 
«  or  J  in  one  sphere  induces  an  «  or  j 
respectively  in  the  nearest  portion  of  the  neighbouring  sphere. 
The  total  result  will  be  that  each  little  sphere  will  be  magnetised 


^.j. — ^><^ — 


Fig.  iii. 


332  ELECTRICITY  ch. 

somewhat  as  in  fig.  iii.     Hence  there  will  be  a  couple  acting  oir  "" 
each  sphere  :  and  this  will  be  in  such  a  direction  that  the  whote) 
cylinder  will  be  urged  to  lie  along  the  lines  of  force.    In  m^^' 
position  the  internal  and  external  inductions  act  against  one  an- 
o:her,  and  the  magnetisation  is  at  a  minimum. 

When  the  cylinder  is  perpendicular  to  the  field  there  is  un- 
stable equilibrium,  and  the  magnetisation  is  at  a  maximum. 

Hence  a  diamagnetic  {see  §  6,  end)  cylinder  tends  to  set  aloi^ 
the  lines  of  a  uniform  field ;  that  is,  to  assume  the  position  in  whiA 
its  magnetisation  is  minimum. 

We  may,  however,  add  that  with  diamagnetic  bodies  the  above 
action  is  very  feeble  ;  and  no  observation  has  as  yet  detected  any 
*  setting '  of  such  bodies  in  a  uniform  field. 

§  9.  A  Long  Body  in  a  ITon-XTniform  Field. — When  a  magMSk 
cylinder  is  suspended  in  such  a  non-uniform  field  as  that  between 
the  two  poles  of  a  powerful  magnet,  the  results  of  §§  7  and  8 
concur  to  show  that  it  will  set  along  the  lines  running  between  the 
two  poles. 

When  a  diamagnetic  cylinder  is  so  suspended,  the  action  de- 
scribed in  §  7  would  urge  it  to  stand  in  the  weakest  part  of  the 
field  ;  />.  at  right  angles  to  the  lines  of  force  between  the  poles. 
But  the  action  given  in  §  8  would  tend  to  make  it  set  along 
these  lines.  In  all  cases  that  occur  in  practice,  the  former  action 
gives  rise  to  the  greater  couple  ;  and  so  the  diamagnetic  cylinder 
stands  at  right  angles  to  the  lines  running  between  the  poles. 

To  exhibit  these  phenomena,  very  powerful  magnets  are 
needed.  We  therefore  proceed  to  consider  how  powerful  tem- 
porary magnets  may  be  obtained. 

§  10.  Solenoid  With,  and  Without,  an  Iron  Core. — According 
to  the  view  that  appears  to  be  most  in  accord  with  experiment, 
magnetic  matter  possesses  innate  magnetism.  This  magnetism  is, 
however,  molecular  ;  and  we  have  evident  magnetism,  or  an  ex- 
ternal field,  only  when  the  molecules  are  suitably  arranged. 

We  see  that,  on  this  view,  there  is  nothing  very  surjirising  in  a 
moderate  field  *  producing  '  a  strong  magnet  ;  for  the  magnetism 
is  in  the  soft  iron  already,  and  the  field  may  be  able  to  arrange  the 
molecules  suitably. 

We  may  contrast  the  magnetic  action  of  an  ordinary  solenoid 
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•mh  that  of  one  in  which  there  is  a  soft  iron  core.  It  is  often 
^N^id*the  core  strengthens  the  solenoid.'  But  it  is  perhaps  more 
^*^  accordance  with  facts  to  say  *  the  solenoid  renders  evident  the 
•ic^nate  magnetism  of  the  iron.' 

Experiments,  —  {{,)  We  can  compare  the  action  of  the  two  on  a  balanced 
^^iedle. 

(ii. )  We  can  examine  the  fields  of  the  two  respectively  by  placing  them 
A^nder  glass  and  sprinkling  steel  filings  above.  It  will  be  seen  that  in  the  case 
S^^the  solenoid  the  field  is  weak,  and  that  some  of  the  lines  of  force  *  leak  out* 
^aetween  the  turns  of  the  wire.  In  the  case  of  the  solenoid  with  iron  core, 
^e  field  is  far  stronger,  and  the  strength  is  more  concentrated  at  the  poles. 

V  The  iron  is,  from  its  symmetrical  position,  magnetised  in  the 
direction  of  the  lines  of  force  due  to  the  solenoid  ;  i,e,  in  the 
^^ection  of  the  solenoid's  axis.  The  north  pole  of  the  core  will 
b^  that  at  the  north  end  of  the  solenoid,  where  the  current,  to 
one  facing  the  end,  appears  to  run  counter-clockwise. 

§  1 1.  Electro-Hagnets. — Thus,  when  a  soft  iron  core  is  wrapped 
round  with  many  turns  of  wire,  and  a  current  is  passed  through 
the  wire,  the  core  becomes  temporarily  a  magnet.  Such  magnets 
are  called  electro-magnets^  and  can  be  made  far  more  powerful, 
mass  for  mass,  than  can  any  permanent  steel  magnets. 

We  may  regard  the  external  field  to  be  made  up  of  two  com- 
ponents ;  the  one  due  to  *  evident  magnetism  '  now  evoked  in  the 
iron,  the  other  due  to  the  spiral  or  solenoidal  current.  These  two 
fields  are  superimposed  upon  one  another.  As  long  as  the  iron 
is  far  from  saturation,  the  field  due  to  it  is  approximately  propor- 
tional to  the  field-strength  {see  §  6)  and  therefore  to  the  current- 
strength.  But  when  saturation  is  reached,  any  further  increase 
in  current  will  only  increase  the  comparatively  insignificant  com- 
ponent field  due  to  the  spiral  alone.  In  winding  the  wire  about 
an  iron  core,  and  in  passing  a  current  through  the  wire,  it  is 
necessary  to  have  regard  to  the  following  considerations. 

(i.)  The  wire  must  not  be  too  thick,  or  it  will  not  be  possible 
to  give  a  number  of  turns  sufficient  for  the  production  of  a  strong 
field  with  a  current  of  reasonable  magnitude. 

(ii.)  The  wire  must  not  be  so  thin  as  to  give  great  resistance 
and  consequent  loss  of  energy  in  heat. 

(iii.)  It  is  of  little  use  producing  a  field-strength  greater  than 
that  necessary  to  magnetise  the  iron  nearly  to  saturation. 
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(iv.)  The  distribution  of  the  wire  about  the  core  mua 
adapted  to  the  shape  and  dimensions  of  this  latter. 

The  accompanying 
shows   one    form   of  decdo- 
magnet. 

Exptrlmml.—  It  is  possible, 
the  case  of  a  poweiliil 
magnet,  to  trace  the  lines  of  fcrt 
in  a  veiy  striking  mannei.  Initcid. 
of  tilings  we  may  use  smill  [oaxi 
of  steel  knitting-needles.  If  Ibt 
field  be  powerful,  the  eficci  A 
gravity  on  these  pieces  of  steel  ^ 
be  relatively  insignificanl ;  and  K 
may  cause  them  to  attach  than 
selves  end  to  end  to  one  BDoihri, 
aitd  so  trace  out  the  llaes  of  («ce 
in  any  direction  in  space,  ' 
wilh  permanent  magnets  we  neic 
able  to  trace  che  lines  only  ortra 
horizontal  plane. 

Noll.— Field  due  to  an  eltdrt- 

magttet.  —  \n   calculating   the  fidd 

5  due  to   an  electro -magnet  we  eai 

Ciinsider  the  solenoid,  and  the  core 

-        .  -._i,  L  which    has    become    a   cylindiical 

magnet,  separately.     Eui  in  general  ihe  field  due  to  the  former  is  relativeli 

insignilicanl,  and  we  need  only  regard  the  core. 

§  I  z.  Faxamagnetio  and  Diam^^etio  Phenomena. — When 
powerful  electro- tnagnets  are  employed  it  is  found  that  all  bodies 
are  influenced  by  the  magnetic  field  {see  §  6), 

If  pellets  of  various  materials  are  suspended,  by  means  of  a 
light  and  long  thread,  near  one  of  the  poles  of  such  a  magnet,  it 
is  found  that  certain  substances  are  attracted  by  the  pole,  while 
others  are  repelled. 

Those  bodies  which  are  attracted  are  caW^A  paramagnetic,  or 
magnetic ;  such  are  iron,  nickel,  cobalt,  manganese,  platinum, 
carbon,  many  salts  of  magnetic  metals,  solutions  of  such  salts,  and 
oxygen  gas. 

Those  bodies  which  are  repelled  are  called  diamagnetit ;  such 
are  bismuth,  antimony,  zinc,  tin,  mercury,  lead,  silver,  copper. 
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phosphorus,  glass,  quartz,  alum,  sulphur,  sugar,  hydrogen, 
>gen,  water,  alcohol,  and  most  other  liquids  and  gases  not 
named. 

•  Iron  is   the   most  strongly  magnetic^  and  bismuth   the  most 
iK%iiongly  diamagnetic,  body  known. 

-~  5,  If  we  make  bars  of  various  substances,  those  which  are  mag- 
ic will  set  axially,  or  in  a  line  with  the   poles  ;  while  those 
lich  are  diamagnetic  will  set  equatorially,  or  at  right  angles  to 
line  joining  the  poles  (see  §  9). 

The  accompanying  figure  represents  experiments  with  magnetic 
jbd  diamagnetic  liquids  respectively.     The  liquid  is  placed  in  a 
^^■ratch -glass  antifests  on  the  poles.    When 
"the  current  is  passed,  the  magnetic  liquid 
B  rises  up  in  a  heap  over  each  of  the 
two  poles  ;  while  the  diamagnetic  liquid 
■A  is  repelled  into  a  heap   between  the 
two  poles.     Such  effects  are  very  small, 
and  must  be  magnified  by  means  of  re- 
flected light  if  they  are  to  be  made  clear. 
The  difference  between  the  two  classes  of 
liquids  is  clearer  if  we  employ  thin  glass 

tubes  filled  with  the  one  or  the  other  respectively,  and  observe 
whether  these  set  axially  or  equatorially.  It  must,  however,  be 
remembered  in  this  case  that  the  glass  itself  is  diamagnetic ;  its 
action  can  be  allowed  for. 

§  13.  Psendo-Biamagnetic  Phenomena. — In  certain  cases  a 
bar  may  set  equatorially  when  its  material  is  magnetic,  or  axially 
when  its  material  is  diamagnetic,  owing  to  peculiarity  of  structure. 
Thus,  a  bar  may  be  made  composed  of  short  steel  needles 
separated  from  each  other,  lying  side  by  side,  running  transverse 
to  the  length  of  the  bar.  Such  an  arrangement  will,  as  a  whole, 
set  equatorially ;  each  little  needle  lying  axially.  So  again,  if  in  a 
bar  of  bismuth  the  crystallisation  have  a  certain  direction  with 
respect  to  the  length  of  the  bar,  this  may  set  axially.  The  repuU 
sion  or  attraction  of  pellets  from  or  to  a  pole  is  the  best  way  of 
dividing  bodies  into  the  two  classes. 

§  14.  Belative  Hagnetism  or  Biamagnetism.— By  Archi- 
medes' principle  we  know  that  bodies  immersed  in  any  fluid 
medium  appear  to  have  a  H-,  zero,  or  -  weight  according  as  they 
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displace  less  than  their  own,  their  own,  or  more  than  their  cA*^'=^^ 
weight  of  that  medium  respectively.  By  this  principle  we  cv  '^' 
predict,  e,g,,  whether  a  body  immersed  in  water  will  sink,  —  '^  ^ 
where  it  is,  or  be  forced  upwards. 

Similar  reasoning  applied  to  the  case  of  a  magnetic  field  I 
us  to  predict — what  can  be  verified  by  experiment — that  wbtt 
body,  whose  coefficient  of  magnetisation  with  respect  to  vacui 
is  k,  is  immersed  in  a  medium  whose  coefficient  is  A,  the  body 
behave  as  though  it  were  in  vacuo  and  had  a  coefficient  k'  eqwl' 
to  >^  — A.     If  this  be  true  reasoning,  then  \i  k> h  the  bodyiitt 
appear  to  be  magnetic ;  if  ^  =  ^  it  will  be  neutral,  and  if  >^  <Ait 
will  appear  to  be  diamagnetic. 

These  predictions  have  been  experimentally  tested  and  verified. 
Thus,  a  weaker  solution  of  ferric  chloride  appears  diamagnetic  when 
in  the  midst  of  a  stronger  solution,  though  in  vacuo  it  is  distinctly 
paramagnetic. 

§  15.  Is  there  Absolnte  Biamig^etism  ?  —  The  question 
naturally  arises :  'Is  there  then  such  a  thing  as  true  diamagnetism, 
or  is  it  merely  that  some  bodies  are  less  magnetic  than  that  whidi 
we  call  "  vacuum  "  ?  * 

Some  bodies  which  appear  diamagnetic  in  the  magnetic 
medium  oxygen,  may  very  well  be  found  to  be  magnetic  when 
tested  in  vacuo.  But  most  diamagnetic  bodies  {e^,  bismuth)  are 
still  diamagnetic  in  vacuo. 

It  can  be  shown  that  all  phenomena  of  repulsion  and  of  equa- 
torial-setting with  which  we  are  acquainted  could  be  accounted  for 
by  supposing  *  vacuum  *  to  be  a  medium  slightly  magnetic. 

But  the  phenomenon  referred  to  in  §  16,  viz.  the  contrary 
directions  in  which  a  ray  of  plane  polarised  light  is  rotated  in 
different  media,  seems  to  imply  an  essential  difference  in  the  sign 
of  k  for  the  two  classes  of  media  respectively.  Before,  therefore, 
we  can  accept  unreservedly  the  view  that  all  phenomena  come 
under  the  head  of  paramagnetism  or  relative  paramagnetism,  it  will 
be  necessary  to  show  that  such  a  view  can  be  reconciled  with  the 
fact  quoted. 

The  whole  question  is  at  present  unsettled.  Quite  recently 
(1886)  experiments  have  been  tried  tending  to  show  that  bodies 
may  change  from  diamagnetic  to  paramagnetic  behaviour,  or  rice 
versdf  according  to  the  strength  of  the  field  in  which  they  are 
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"'?>\aced.     It  has  even  been  suggested  that  perhaps  these  qualities 
•«.re  not  permanent,  but  change  with  time  under  the  action  of  a 
'    field.    Curiously  enough,  Ampere's  theory  of  '  molecular  currents  ' 
fcas  t>een  revived  as  a  somewhat  fruitful  view. 

§  16.  Kotation  of  the  Flane  of  Folaxiaatioa  in  a  Uagnetio 
**   Keld. — In  giving  some  account  of  certain  phenomena  that  show 
*►*  remarkable  connection  between  magnetic  and  electric  stresses  on 
*Vthe  one  hand,  and  radiant  energy  on  the  oiher,  we  must  assume 
^^*diat   the   reader   has   some  acquaintance  with   the  elements  of 
%'ph)sical  optics.     If  this  is  not  the  case  he  is  advised  to  read 
-•  enough  of  the  subject  to  understand  (i.)  what  is  meant  bv  a  ray  of 
light  or  of  other  radiant  energy ;  (ii.)  what  is  meant  by  a  plane 
polarised  ray,  and  by  the  plane  of  polarisation ;  (iii.)  what  a  Nicols 
.  prism  is,  and  how  it  is  used  to  obtain  a  plane  polarised  ray;  (iv.) 
how  a  second  NicOl's  prism  can  be  used  as  an  analyser  to  detect 
whether  a  ray  is  plane  polarised,  and  whether  the  plane  of  polarisa- 
tion has  been  rotated  or  has  changed  its  'azimuth,' 

Now  it  is  found  that  if  a  plane  polarised  ray  be  passed  through 
a  transparent  medium  ihat  ordinarily  has  no  power  to  rotate  the 


plane,  and  if  this  medii 
then  the  plane  of  pola 
rotated  in  its  passage  thi 


be  placed  in  a  powerful  magnetic  field, 
of  the  ray  is  in  general  slightly 
gh  the  medium.     It  was  Faraday  who 


discovered  this.      The  accompanying  figure  indicates  how  the 
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*  electro-magnetic  rotation  of  a  plane  polarised  ray '  may  be  de- 
monstrated. If  more  exact  results  are  desired  the  necessary 
experimental  arrangements  are  less  simple.  M  and  N  are  powerful 
electro-magnets,  provided  with  hollow  iron  cores,  their  unlike  poles 
being  opposed  so  as  to  give  a  powerful  field  at  c.  Here  is  placed 
the  piece  of  glass  or  other  transparent  body,  whose  rotating  powers, 
when  subject  to  a  powerful  magnetic  field,  are  to  be  observed.  At 
b  is  the  polarising  Nicol,  and  at  a  the  analyser. 

If  (as  we  here  suppose)  the  body  at  c  has  no  innate  rotating 
power  as  has  (e,g,)  quartz,  then  before  the  current  passes  the  plane 
of  polarisation  of  the  ray  is  not  rotated  ;  and  no  light  can  be  seen 
through  a  when  the  principal  planes  of  the  polariser  b  and  of  the 
analyser  a  are  at  right  angles  to  one  another.  But  when  the 
current  passes  so  that  a  powerful  field  is  produced  at  <r,  then  some 
light  is  received  through  a^  and  we  must  turn  the  analyser  a  about 
the  line  <i  ^  as  axis,  in  order  to  recover  the  initial  darkness.  When 
monochromatic  light  is  used  we  can  then  readily  measure  the 
amount  and  direction  of  the  rotation  by  the  amount  and  direction 
of  the  rotation  that  has  been  given  to  a.  If  the  light  be  not  mono- 
chromatic, e.g.  if  it  be  white  light,  we  can  never  recover  the  white 
light  again ;  this  showing  that  the  rays  of  different  wave-lengths 
have  been  rotated  to  a  different  amount. 

By  experiments  that  we  have  not  space  enough  to  give  here, 
Verdet  and  others  established  several  results.     These  results  will  be 


Fig.  ii. 

made  easier  to  understand  by  the  simple  diagram  here  given.  The 
dotted  lines  represent  a  magnetic  field  as  usual ;  A  and  B  are  two 
points  in  it  at  which  the  magnetic  potentials  are  Va  and  Vb  respec- 
tively, the  former  being  [in  the  case  represented]  at  the  lower  potential ; 
A  B  or  B  A  is  the  direction  of  the  ray  ;  '^  is  the  angle  that  this  direction 
makes  with  the  lines  of  force  of  the  field  ;  I  is  the  field-strength  ;  /  is  the 
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:e  in  the  medium   traversed   by  the  ray;  and  6  is  the  angle   A 
h  which  the  plane  of  polarisation  is  rotated.  ^      j 

vas  found  that ' 

B  depended  upon  the  field-strength,  being  directly  proportional  hh^^^j 

6  is  directly  proportional  to  cos^, 
)  6  is  directly  proportional  to  /. 
)  0  depends  upon  the  wave-length  of  the  radiation  in  question. 

The  sign  of  6,  or  the  direction  of  rotation,  is  not  the  same  in 
iia.  If  we  call  the  rotation  positive  when  it  is  as  a  right-handed 
A'ould  rotate  as  it  advanced  down  the  lines  of  force,  then  we 
ly  that  in  vacuo  there  is  zero  rotation  (as  far  as  experiment 
es),  in  diamagnetic  media  the  rotation  is  + ,  and  in  magnetic 
(such  as  a  solution  of  ferric  chloride)  it  is  — . 
)  This  rotating  power  seems  to  be  innate  in  the  molecules  pro- 
that  they  are  in  a  magnetic  field.  A  substance  preserves  its 
when  in  solution  or  when  mixed  with  other  bodies,  and  so  we 
th  certainty  prepare  mixtures  of  the  two  classes  of  solutions 
shall  give  zero  rotation. 

.)  The  direction  and  magnitude  of  rotation  are  the  same 
;r  the  ray  pass  from  A  to  B,  or  in  the  reverse  direction.  Hence 
ation  can  be  multiplied  by  causing  the  ray  to  be  reflected  to 
)  many  times  up  and  down  the  field,  this  being  equivalent  to 
lying  /.  It  would  not  be  practicable  to  make  /  great  in  any 
manner,  if  we  wished  still  to  preserve  a  strong  field, 
i.)  With  reference  to  (v.)  we  may  add  that  all  wave-lengths 
le  same  direction  of  rotation  in  the  same  medium. 
eory  suggested  by  the  above. — The  above  phenomena  suggest 
•rcibly  that  in  a  magnetic  field  the  ether  may  be  eddying  about 
les  of  force.  For,  were  this  so,  the  wave  would  naturally  be 
I  in  azimuth  during  its  passage. 

membering  how  the  lines   of  force  pass  down  the  axis  of  a 
id  or  spiral,  it  would  seem  as  though  a  spiral  current  caused  the 

0  eddy  about  the  axis  of  the  spiral.    It  has  even  been  suggested 
jrhaps  electricity  is  itself  ether,  so  that  the  eddy  is  produced  by 

1  current  of  ether  through  stagnant  ether. 

present,  however,  there  is  in  this  direction  little  but  conjecture, 
day,  no  doubt,  electro-optical  phenomena  such  as  the  above  will 
)  the  establishment  of  very  important  results  as  to  the  real 
of  magnetic,  electrical,  and  radiant  phenomena. 
:  may  observe  that  the  opposite  directions  of  rotation  in  different 
indicate  a  real  difference  between  the  two  classes  of  bodies,  or 
>  show  that  diamagnetism  is  not  merely  a  relative  phenotnenoti, 

•LI 


'>» 


,«';- 
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§  1 7.  Other  Electro-Optical  PhenomeiLa. 

There  are  other  phenomena  that  show  how  the  propagation  of  a 
wave  of  radiant  energy  is  affected  by  the  magnetic  or  electric  condi- 
tion of  the  medium  through  which  the  ray  passes. 

Kerr  discovered  that  when  a  plane  polarised  ray  is  reflected  from 
the  polished  surface  of  the  pole  of  a  magnet,  the  plane  of  polarisation 
is  rotated.  He  believes  that  this  is  due,  at  any  rate  in  part,  to  the 
action  at  the  reflecting  surface,  and  is  not  simply  due  to  the  air  or 
other  gas  that  fills  the  magnetic  field. 

He  also  discovered  that  when  a  simply  refracting  transparent 
dielectric  is  subjected  to  electric  stress,  as  e.g,  is  the  glass  of  a  charged 
Leyden  jar,  it  becomes  doubly  refracting.  The  effect  was  on  the 
whole  similar  to  that  which  was  produc-ed  if  it  was  subjected  to  com- 
pression along  the  direction  of  the  lines  of  force.  It  seemed,  in  fact, 
as  if  there  was  tension  along  the  lines  of  electric  force,  tending  to 
compress  the  glass. 

_  -  §  18.  The  Electro-Hagnetic  Theory  of  Light. 

The  genius  of  Clerk  Maxwell  founded  a  theory  which  should  con- 
nect all  these  phenomena  that  are  usually  classed  under  the  heads  of 
magnetism,  electrostatics,  and  electrodynamics,  on  the  one  hand,  ^lith 
the  phenomena  of  light,  heat,  and  of  radiant  energy  in  general  on  the 
other.  But  before  this  theory  could  grow  into  a  complete  structure 
the  author  of  it  died,  and  the  work  has  never  been  completed. 

In  what  follows  we  have  tried  to  indicate  in  an  elementary  manner 
the  nature  of  the  theor>',  and  also  to  show  how  much  uncertainty  still 
exists  with  respect  to  it.  We  have  made  use  of  the  suggestions  put 
forward  by  Dr.  Lodge,  Professor  S.  P.  Thompson,  and  others,  as  such 
suggestions  show  the  directions  in  which  Clerk  Maxwell's  funda- 
mental  views  tend. 

(ri)  The  ether. — By  the  use  of  the  expression  the  ether  is  implied  a 
belief,  now  general  among  men  of  science,  in  a  universal  medium  per- 
vading all  space  and  penetrating  solids  and  liquids. 

The  ether  is  not  matter,  but  possibly  all  atoms  of  matter  are  merely 
indestructible  vortex-rings  of  ether,  so  that  this  latter  is  the  parent  of 
matter.  Again,  the  ether  is  not  energy  ;  but  yet  it  is  only  through  the 
ether  that  energy  can  be  transmitted  from  one  group  of  matter  to 
another. 

The  ether  penetrates  all  bodies,  but  it  may  be  that  in  some  cases 
the  matter  has,  to  a  greater  or  lesser  degree,  a  *  hold '  upon  the  ether 
that  pervades  its  intermolecular  spaces,  and  gives  to  it  something  of 
tlie  properties  of  a  rigid  solid,  while  in  other  cases  the  ether  may  be 
iett  qui'.e  free. 
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(3)  Radiant  energy ;  heat  and  light, — We  may  here  remind  the 

^ader  that  the   transmission   of  heat   and  light   is   believed  to  be 

effected  by  means  of  waves  propagated  in  the  ether ;  the  vibrations 

being  at  right  angles  to  the  direction  of  propagation,  somewhat  as  in 

the  case  of  a  shaken  rope.    Further,  it  depends  upon  the  wave-length 

of  the  radiation  whether  it  give  the  impression  of  light  when  received 

upon  the  retina,  or  in  what  respect  its  action  is  most  remarkable. 

Heat  and  light  are  partial  expressions,  radiant  energy  is  the  more 

general  term  for  transmissions  of  all  wave-lengths. 

(y)  Nature  of  electricity.— \\  has  been  suggested  that  if  anything 
can  rightly  be  called  *  electricity,'  this  must  be  the  ether  itself;  and 
that  all  electrical  and  magnetic  phenomena  are  simply  due  to  changes, 
strains,  and  motions  in  the  ether.  Perhaps  negative  electrification  (as 
we  believe  has  been  suggested)  means  an  excess  of  ether,  and  positive 
electrification  a  defect  of  ether,  as  compared  with  the  normal  density. 

(5)  Electrostatic  phenomena.— \\.  is  possible  that  all  electrostatic 
phenomena  follow  from  strains  in  the  ether.  These  strains  (or  defor- 
mations) can  only  occur  where  the  ether  possesses  some  degree  of 
rigidity.  On  this  view  then  it  would  appear  that  dielectrics  are  bodies 
which  have  what  we  may  style  so  much  *  hold '  upon  the  ether  that 
pervades  their  intermolecular  interstices,  that  this  is  given,  to  a  certain 
degree,  the  properties  of  an  elastic  solid.  Thus  the  phenomena  of  the 
stored- up  energy  of  a  charged  Leyden  jar  may  imply  that  the  ether 
pervading  the  glass,  and  probably  the  glass  itself,  is  in  a  state  of 
elastic  strain  analogous  to  that  of  a  bent  spring.  Conductors^  on  the 
other  hand,  would  be  bodies  in  which  the  ether  is  free  and,  to  speak 
from  analogy,  fluid,  or  in  which  it  is  incapable  of  retaining  a  strain. 

(f )  Dielectrics  are  transparent^  conductors  are  opaque. — Now  from 
mechanical  principles  we  should  say  that  through  bodies  in  which  the 
ether  has  some  rigidity,  waves  of  transverse  vibration  can  be  propa- 
gated ;  while  through  those  in  which  the  ether  is  free  and  fluid,  only 
waves  of  longitudinal  vibrations  can  be  propagated.  From  (/3)  and 
(5)  we  should  therefore  predict  that  dielectrics  would  be  transparent 
to  the  transverse  waves  of  radiant  energy  {i.e.  to  rays  such  as  those  of 
heat  and  light),  while  conductors  would  be  opaque  to  the  same.  If 
we  take  into  account  such  disturbing  influences  as  those  of  internal 
and  irregular  reflexion,  it  can  be  fairly  said  that  dielectrics  are,  as  a 
rule,  transparent ;  while  the  conducting  metals  are  certainly  the  most 
opaque  of  bodies.  Here,  then,  is  one  fact  that  tends  to  confirm  directly 
the  theory. 

(f)  Electric  currents. — There  are  reasons  that  would  lead  us  to 
assume  that  when  *  an  electric  current  flows '  through  a  conductor, 
there  is  either  a  direct  translation  of  the  ether  along  the  eovvdwcxat^cyt 
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a  propagation  of  longitudinal  vibrations  similar  to  those  of  sound  in 
air.  This  view  is  consistent  with  the  hypothesis  that  in  conductors 
the  ether  is  free  and  not  rigid,  and  therefore  not  capable  of  trans- 
mitting waves  of  transverse  vibrations. 

(i;)  Electro-motiTe  force, — We  might  then  suppose  that  electro- 
motive force  may  be  a  kind  of '  ether  pressure '  due  to  un-uniformity 
of  distribution,  or  to  be,  at  least,  of  a  nature  analogous  to  what  is  sug- 
gested by  such  a  term. 

{B)  Electro-magnetic  induction, — Let  us  suppose  a  '  current '  to  be 
?ent  along  a  wire,  this  wire  being  surrounded  by  a  dielectric  such  as 
air.  Now  we  shall  see  in  Chapter  XXI.  that  when  any  change  in 
current-strength  occurs,  all  neighbouring  conductors  are  affected; 
temporary  currents  being  '  induced  '  in  them.  Since  the  possibility  of 
action  at  a  distance  is  now  denied,  we  must  suppose  that  this  action 
is  due  to  some  kind  of  transmission  of  energy  through  the  dielectric; 
and  it  is  most  consistent  with  the  views  expiessed  above,  and  with  the 
observed  facts  of  induction,  to  imagine  that  something  of  the  nature  of 
a  wave  in  which  the  vibrations  are  transverse  is  propagated  at  right- 
angles  to  the  wire  carrying  the  current.  If  this  is  the  case  we  should 
expect  to  find  the  velocity  of  propagation  of  electro-magnetic  inductive 
action  to  be  the  same  as  the  (average)  velocity  of  radiant  energy,  since 
both  are  supposed  to  be  waves  of  transverse  vibrations,  propagated  in 
the  ether.  Now  this  is  actually  the  case  ;  many  measurements  having 
shown  that  the  rate  at  which  electro-magnetic  inductive  action  is  pro- 
pagated is  nearly  the  same  as  the  mean  velocity  of  light.  In  this 
agreement  we  have  what  is  probably  the  strongest  corroboration  of 
the  theory  that  we  are  discussing, 

(t)  There  is  another  piece  of  confirmatory  evidence  in  the  relation 
that  certainly  exists  between  the  specific  inductive  capacity  of  a 
dielectric  and  its  refractive  index. 

(<)  Lines  of  magnetic  force, — In  §  i6  we  pointed  out  how.  the 
phenomena  there  described  suggested  to  us  that  lines  of  magnetic 
force  are  in  some  way  axes  of  eddies  formed  in  the  ether.  Here  we 
may  add  that  the  eddy  may  be  one  in  which  the  ether  moves  continu- 
ously round,  or  may  be  formed  of  circular  vibrations  in  which  there  is 
no  final  displacement  of  the  ether. 

Considering  the  wire  bearing  a  current,  the  circular  lines  of  mag- 
netic force  about  it,  and  the  radiating  lines  in  which  electro-magnetic 
inductive  action  is  propagated,  we  may  say  that  probably  the  follow- 
ing relation  holds.  *  When  there  is  a  discharge  of  electricity  in  one 
direction  the  lines  of  electro-magnetic  induction  are  at  right-angles 
to  this  direction  and  radiate  from  it,  while  the  lines  of  magnetic  force 
are  at  right-angles  to  both  these  directions.' 
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CHAPTER  XXI. 

ELECTRO-MAGNETIC   INDUCTION. 

§  I.  General  Account  of  Induction  Phenomena. — Faraday 
discovered  that  when  a  conductor  moves  in  a  magnetic  field,  or 
when  the  field  in  which  a  conductor  is  situated  is  caused  to  vary 
in  strength,  then  there  is  in  general  a  current  induced  in  the  con- 
ductor, this  current  lasting  only  as  long  as  the  movement  or 
variation  lasts,  and  ceasing  when  conditions  are  again  stationary. 

Since  a  current  implies  an  electro-motive  force,  we  may  say 
that  such  movements  or  changes  give  rise  to  induced  E.M.F.s  in 
the  conductors.  The  direction  of  the  E.M.F.,  and  of  the  conse- 
quent current,  depends  upon  the  nature  of  the  movement  or 
change.  If  there  be  an  E.M.F.  (and  current)  in  the  conductor 
already,  the  induced  E.M.F.  if  in  one  direction  will  be  added  to 
the  initial  E.M.F.,  and  in  the  other  direction  will  decrease,  reduce 
to  zero,  or  even  overpower  and  *  reverse  *  the  initial  E.M.F., 
according  to  the  relative  strengths  of  the  two. 

It  is  soon  noticed  that  the  cases  in  which  an  E.M.F.  is  in- 
duced in  a  conductor  are  mainly  as  follows. 

(a)  When  a  conductor  cuts  across  the  lines  of  force  of  a 
magnetic  field.  If  a  complete  circuit  so  cut  across  the  lines,  it 
may  happen  that  the  E.M.F.s  induced  in  the  opposite  sides  of  the 
circuit  are  equal  and  opposed,  giving  a  zero  resultant  E.M.F.  in 
the  complete  circuit. 

(b)  When  a  magnetic  field  is  created  in  the  midst  of  a  cir- 
cuit, or  is  caused  to  cease.   This  case  is  shown  in  Experiment  (i.). 

(c)  When  the  field  enclosed  by  a  circuit  is  varied  in  strength. 
This  case  is  shown  in  Experiment  (iii.)» 

The  changes  in  question  can  be  brought  about  in  various 
ways  :  by  the  continuous  movement  of  a  simple  rectilinear  wire 
across  a  magnetic  field  j  by  a  movement  of  translation  of  a  circuit 
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across  a  non-uniform  field  ;  by  rotation  of  a  circuit  in  any  fidd; 
by  making  and  unmaking  an  electro -magnet  (or  solenoid)  m  the  I 
midst  of  a  circuit ;  by  the  approach  of  a  current,  solencnd,  oi  | 
magnet  towards  a  circuit,  or  its  withdrawal  from  the  same, 
in  many  other  ways.  In  the  following  experiments,  which  are  1 
here  given  without  further  comment,  we  use  coils  instead  of  1 
simple  circuits  in  order  to  obtain  more  remarkable  results 

Exp4nineiils.  —  {\.)  A  coi]  is  made  of  a  quantity  of  fairly  stout  insnlaled 
wire,  and  Ihe  ends  of  this  wire  are  connected  with  Ihe  lenninals  c  and  d,  st 
that  a  current  can  be  sent  through  it  when  desired.  This  coil  A  is  ooncealoi 
in  fig.  i.,  but  is  seen  in  Rg.  ii.  A  second  coil  B  is  made ;  it  is  hollow  and 
enclosesthecoilA,  but  is  entirely  insulated  from  it.  The  ends  of  ibis  laltei  coil 
ate  connected  wilh  the  terminals  a  and  b.     A  galvanometer  is  also  connected 


with  these  terminils.  so  Ihil  any  current  in  B  will  be  detected.  The  effects 
are  more  marked  if  the  wire  of  which  K  is  made  be  very  long.  It,  therefore, 
must  lie  of  fine  wire,  to  admit  of  great  length  and  many  turns  within  a  reason- 
able compass.    The  coil  A  is  called  the  priiiiaiy,  and  the  coil  B  the  serondaiy. 

When  a  current  is  sent  through  the  primary,  the  galvanometer  indicates  a 
suilden  current  in  the  secondary  ;  this  current  lasting  only  until  the  primary 
current  is  established  and  steady.  When  the  current  is  broken  again  we 
oliserve  another  current  induced  in  B,  this  lime  in  the  other  direction. 

Thus  the  creation  or  destruction  of  a  field  within  B  produces  currents  in  B, 
the  currents  being  in  opposite  directions  respectively.  There  is  no  current  in 
B,  while  the  current  through  A  is  steady ;  that  is,  while  the  field  within  B  is 


(ii.)  In  the  next  figure  the  arrangements  and  conn, 
but  now  A  can  Iw  thrust  into  B  or  withdrawn  from  B. 
thrusting  A,  while  a  currei 

B  and  had  then  sent  the 


e  the  s: 


It  is  found  that  by 
iwing  in  it,  into  B.  we  induce  in  this  latter  a 
lould  have  been  indHde<!  had  ive  left  A  within 
It  through  A.     Su  also  the  withdrawal  of  A 
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to  slopping  the  cuirenl  in  it.  We  find,  sfso,  thai  the  currents  induced  ate 
less  violent  according  as  we  move  A  more  or  less  rapidly  respectively. 


As  regards  the  relation  of  the  direction  of  the  induced  cur- 
rents to  the  direction  of  the  primary  currents,  or  to  the  sign  of  the 
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magnetic  pole  which  is  presented  to  the  coil  B,  enough  will  |^  y^ 
said  later  on. 

§  2.  General  Eeason  for  *  Induced  Currents.* — The  a< 
reason  why  such  movements  or  changes  in  field-strength  as  ti 
described  should  have  the  effect  of  inducing  E.M.F.s  in  the 
ductors  concerned,  cannot  be  said  to  be  truly  known,  for 
must  depend  upon  the  real  nature  of  electric  currents  and 
magnetic  fields,  and  upon  their  relation  to  *the  medium 
pervades  all  space.* 

But  we  have  certain  great  laws  established  by   experi 
which  have  included  and  bound  together  in  one  theory  all  ♦"  ^^ 
phenomena  that  have  been  noticed  up  to  the  present  point 
we  can  show  that  these  new  phenomena  of  *  induction '  come 
under  these  laws  and  could  be  predicted  from  them,  we  shall  in 
sense  have  shown  the  *  reason  for '  induction.     The  laws  to  whkk 
we  refer  are  Consen^ation  of  energy^  Faraday's  laws  (Chapter  XIL 
§  7),  2iXid  Joule's  /f77£/ (Chapter  XV.  §  4). 

Ixt  us  consider  the  case  of  a  circuit  A  which  includes  a 
battery-cell,  opposite  to  which  is  a  magnetic  pole  N.  (Instead  of 
a  single  pole  we  might  consider  the  one  end  of  a  very  long 
magnetic  bar  whose  other  end  is  far  away  and  need  not  be 
considered.) 

This  circuit  will  attract  or  repel  the  pole  N,  according  to  their 
relative  position  ;  since  the  circuit  acts  as  a  magnetic  shell,  aiid 
l)roduces  a  magnetic  field.  If  it  attracts  N,  then  work  can  be  done 
by  N  as  it  moves  up  towards  A  ;  and  this  work  comes  out  of  the 
system  of  the  two  bodies  A  and  N,  so  that  there  must  be  an  equiva- 
lent of  energy  lost  from  this  system  by  *  Conservation  of  energy' 

How  is  this  energy  su'jplied  } 

If  the  two  bodies  A  and  N  were  a  gravitation  system,  i.e. 
merely  two  masses  attracting  one  another  by  the  action  of  gravi- 
tation alone,  we  know  that  we  should  have  lost  an  equivalent  of 
j)otential  energy  ;  that  is,  we  could  not  restore  N  to  its  initial 
position  save  by  doing  upon  it  just  as  much  work  as  we  previously 
got  out  of  it.  In  moving  towards  A  it  moves  with  the  lines  of 
force,  in  moving  from  A  it  moves  against  them. 

But  in  our  electro-magnetic  system  of  the  circuit  A  and  the  pole 
N  matters  arc  very  different.  We  can,  without  any  work,  make 
or  break  the  current,  i.e,  create  or  destroy  the  magnetic  field  at 
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Hence  we  could  turn  on  the  current  when  we  are  pulling  N 
irds  A,  and  thus  get  work  done ;  and  could  turn  it  off  while 
toring  N  to  its  initial  position,  and  thus  require  to  do  no  work 
N.     Thus,  in  a  gravitation  system  the  law  of  conservation  of 
lergy  demands  only  that  we  consider  the  change  in  relative 
sitions  of  the  bodies,  or  *  the  configuration  of  the  system '  ; 
lile  in  an  electro-magnetic  system  we  must,  if  the  law  is  to  hold, 
''*"^%eek  for  some  source  of  energy  other  than  that  depending  on 
^relative  positions  ;    for  we  have  shown  how  we  could  get  un- 
limited work  done  and  yet  end  up  in  the  initial  positions. 

We  are  driven  to  conclude  then  that  the  energy  must  come 
out  of  the  circuit  A,  and  shall  be  able  (see  §  3)  to  see  how  the  re- 
quisite energy  can  be  supplied  if  we  suppose  E.M.F.s  to  be  in- 
duced in  the  circuit  A  whenever  work  is  being  done  on  or  by  the 
pole  N  ;  the  E.M.F.s  being  in  opposite  directions  in  the  two 
cases  respectively. 

§  3.  More  Exact  Reasoning,  in  a  Simple  Case. — Let  us  con* 
sider  a  vertical  rectilinear  current  A,  and  a  single  pole  N  pivoted 
so  as  to  be  capable  of  movement  about  A  (We  cannot  in  practice 
have  a  single  pole,  but  we  can  contrive  an  arrangement  in  which 
a  current  acts  on  one  pole  only  of  a  magnet,  so  as  to  produce 
continuous  rotation.)  When  the  current  passes,  the  pole  will  be 
urged  round  and  round  the  wire  A  continuously.  Hence  we  can 
have  unlimited  work  done,  while  the  pole  continually  returns  to 
its  initial  position.  As  argued  in  the  last  section,  there  must 
be  an  equivalent  of  energy  lost  from  the  circuit  of  which  A  is  part. 
We  will  employ  a  notation  similar  to  that  used  in  Chapter  XV. 
T^t  E  be  the  E.M.F.  of  the  battery  in  the  circuit ;  R  the  total 
resistance  of  the  circuit ;  Cq  the  current  that  flows  when  the  pole 
N  is  stationary,  i,e.  when  no  work  is  being  done  external  to  the 
circuit ;  C  the  current  when  the  pole  N  is  moving,  />.,  when 
external  work  is  being  done.     [We  here  use  absolute  units. 

(In  order  to  understand  better  what  follows,  the  student  is 
recommended  to  read  Chapter  XV.  §§  3,  4,  8,  and  9  again.) 

Initially,  ue,  before  the  pole  N  begins  to  move  and  to  do  work, 

we  have  a  current  Cq  =  „,  energy  lost  in  the  cell  at  the  rate  of 

E  Co  per  second,  and  an  exact  equivalent  of  heat  energy  appear- 
ing in  the  circuit  at  the  rate  of  Cq^  R  or  E  Cq  per  second 
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Now  let  the  pole  move  and  external  work  be  done.  How  can 
the  circuit  supply  the  necessary  energy  ?  At  first  sight  it  seems 
simplest  to  suppose  that  Co  remains  unaltered,  while  less  heat  is 
evolved  ;  the  diminution  of  heat  evolved  per  second  being  the 
exact  equivalent  of  the  mechanical  work  per  second  done  by  the 
pole.  In  this  way  the  current  Co  would  be  unaffected,  only 
it  would  give  us  less  heat  with  an  equivalent  of  mechanical 
work.  Such  an  hypothesis  would  save  the  law  of  *  Conservation  of 
energy '  from  being  broken  ;  but  it  is  neither  in  accordance  with 
experiment,  nor  with  Joule's  law  which  is  supported  by  experi- 
ment.    For,  by  Joule's  law,  as  long  as  the  current  is  Co  so  long 

p 

is  there  heat  Cq^  R  given  out  per  second.     And  since  Co  =«  ti» 

this  heat  is  equivalent  to  the  whole  energy  E  Co  given  out  by  the 
battery  per  second ;  so  that  there  is  none  left  for  the  external 
work. 

Hence,  when  the  pole  moves  we  conclude  that  the  current 
cannot  remain  the  same.  Let  us  suppose,  then,  that  it  decreases 
and  becomes  C  instead  of  Co  ;  and  let  us  see  if  such  an  alteration 
will  give  us  the  energy  needed  for  the  external  work  done  in 
moving  the  pole.  The  total  activity  of  the  cell  is  now  E  C,  and 
the  heat  activity  is  C-  R.  Since  E  =  Co  R,  and  since  C  is  less 
than  Co,  it  follows  that  C^  R  is  less  than  EC;  or  we  have  less 
heat  activity  evolved  than  is  the  equivalent  of  the  cell's  activity. 
Thus,  if  the  current  decrease  from  Co  to  C  while  E  remains 
the  same,  we  have  a  balance  of  activity  left  to  account  for  the 
mechanical  work  done  on  the  pole. 

Now,  since  the  battery  and  its  E.M.F.  E  remain  unaltered, 
and  since  R  is  itself  unaltered  also,  it  follows  from  Ohm's  law 
that  the  current  cannot  fall  from  Co  to  C  unless  an  E.M.F.  e  arise 
contrary  to  E. 

If  such  an  E.M.F.  e  be  supposed  to  arise,  we  have  {see 
Chapter  XV.  §  9) 

E  C  =  energy  per  second  expended  by  battery. 

C  =  — ^— ,  and  is  less  than  Co  which  =  — . 

'  C-  R,  or  (E  —  ^)  C,  =  energy  per  second  appearing  as  heat. 
E  C  -  C^  R,  or  ^  C,  =  energy  per  second  available  to  do  the 

external  work  on  the  pole. 
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The  reader  will  notice  at  once  the  close  resemblance  of  the 
above  distribution  of  energy  to  that  which  occurs  when  a  battery 
is  employed  to  electrolyse  any  body,  ue,  to  do  chemical  work.  In 
both  cases  there  is  a  reverse  E.M.F.  e  ;  and  we  have  total  energy 
is  E  C,  heat  energy  is  (E  —  e)  C,  and  energy  expended  upon  the 
chemical  or  mechanical  work  is  e  C.  (All  these  reckoned  per 
second.) 

If  the  pole  N  be  caused  to  revolve  in  the  other  direction,  we 
must  do  external  work  upon  it,  since  jwe  move  it  against  the  lines 
of  force.  Thus  we  keep  doing  work  on  the  system  without  gain- 
ing energy  of  position.  So  we  conclude  that  we  must  in  some 
way  be  giving  energy  to  the  circuit.  But  we  cannot,  by  Joule's 
law,  give  heat  to  the  circuit  so  long  as  Co  remains  constant.  As 
before,  then,  we  conclude  that  Co  must  alter ;  and,  this  time,  must 
increase  to  some  value  C.  This  implies  an  E.M.F.  ^  in  the  same 
direction  as  E.  And  we  have  energy  of  battery  E  C,  heat  energy 
(E  +  e')  C,  energy  given  to  the  circuit  from  outside  e'  C  (all 
reckoned  per  second).  In  fact,  we  merely  change  the  sign  of  the 
induced  E.M.F. 

Thus  we  have  shown  how,  by  reasoning  founded  upon  the 
laws  quoted  above,  we  should  predict  that  E.M.F.s  would  be 
induced  in  conductors  whenever  movements  or  changes  are 
made  in  which  -f  or  —  work  is  done  by  the  system.  The  case 
above  was  chosen  for  its  simplicity  ;  but  the  same  reasoning 
applies  to  all  cases.  The  main  facts  of  *  induction'  were  dis- 
covered and  investigated  by  experimental  methods.  But  it  is 
satisfactory  to  see  how  readily  they  fall  into  place  under  the  same 
few  great  laws  as  are  followed  by  all  the  electrical  phenomena 
with  which  we  were  previously  acquainted. 

§  4.  General  Expression  for  Induced  E.M.F.-- More  generally, 
let  there  be  any  system  of  currents  and  poles,  or  of  currents 
alone.  Let  -f  or  —  work  be  done  by  movements  occurring  in 
this  'electro-magnetic  system' ;  the  work  being  due  to  the  existence 
of  the  currents.  Then  the  same  arguments  as  those  given  in 
§§  2  and  3  show  us 

(i.)  That  the  equivalent  of  this  +  or  —  work  is  not  to  be 
sought  in  the  change  in  potential  energy  due  to  the  changed 
relative  positions  of  the  bodies  forming  the  system,  as  would  be 
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the  case  with  a  gravitation  system,  but  is  found  as  a  diminution 
of  or  addition  to  the  electric  energy  of  the  system. 

(ii.)  That,  in  consequence  of  Faraday's  and  Joule's  law,  this 
loss  or  gain  of  the  electrical  energy  is  possible  only  if  an  E.M.F. 
be  induced  in  one  or  more  of  the  circuits. 

(iii.)  That  if  this  induced  E.M.F.  be  e^  and  there  be  a  current 
C  in  the  circuit,  then  the  loss  or  gain  of  electrical  energy  per 
second,  answering  to  the  work  done  per  second  in  consequence  of 
the  movements  referred  to,  will  be  measured  by  ^  C. 

In  what  has  preceded  we  have  for  simplicity  spoken  only  of 

cases  where  the  work  done  per  second  is  constant 

When  this  is  the  case  the  induced  E.M.F.  e  will  be  constant, 

•p   .  ^ 

as  will  also  the  current  C  which  =  _ .--—  (see  §  3)  ;  and  we  have  a 

is. 

constant  gain  or  loss  of  electrical  energy  C  e  per  second,  the 

equivalent  of  the  work  done  per  second. 

In  the  case  of  a  circuit  moved  in  a  magnetic  field,  the  work  done 
between  any  two  positions  is  measured  in  ergs  by  C  (Ni  —  Nj), 
as  explained  in  Chapter  XIX.  §  3  ;  the  symbols  having  the 
meanings  there  given  to  them. 

Now  let  (//|  —  n.^  be  the  change  per  second  in  the  number  of 
marked  lines  of  force  piercing  the  circuit.  Then  the  work  per 
second  due  to  the  movement  is  measured  by  C[n^  —  Wj)*  ^^^ 
we  have  seen  that  the  equivalent  of  this  is  e  C. 

Whence  it  follows  that 

Or,  t/ie  E.M.F.  induced  in  a  simple  circuit  is  measured  by 
the  change  per  second  in  the  number  of  marked  lines  of  force 
piercing  the  circuit. 

Here  e  is  in  absolute  units  oi  E.M.F..,  not  in  volts,  (In  fact, 
whenever  we  do  not  state  to  the  contrary  the  reader  may  take  it  for 
granted  that  in  this  Chapter  absolute  C.G.S.  units  are  intended) 

Note. — We  must  remark  that  where  a  pole  of  strength  /u  threads  through  a 
circuit  and  round  again  any  number  of  times,  returning  to  its  initial  position, 
the  above  formula  is  not  sufficient  by  itself.    This  was  shown  in  Chapter  XIX. 

§11. 

Thus  for  each  complete  circle  made  about  the  circuit  by  the  pole  /u  we 

must  consider  4  ir  ^  marked  lines  of  force  to  have  been  added  to  those  piercing 
the  circuit  {see  Chapter  XIX.  §  ii).     As  a  particular  case,  when  the  pole  ft 
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Lves  a  times  per  second  about  a  rectilinear  wire,  it  is  as  though  there  had 
added  4ar  fi  marked  lines  per  second  to  those  piercing  the  infinite  plane 
it  of  which  we  may  consider  the  wire  to  form  the  edge.  In  this  case, 
fore,  we  have  e  =  ^av^i,  this  being  the  form  of  the  *  general  expression  * 

applies  to  this  particular  case. 

^  If  the  circuit  be  made  of  m  turns  of  wire,  all  of  them  pierced  by 

lines  of  force,  then  the  E.M,F,s  induced  in  them  all  severally 

!  added,  and  give  a  resultant  E.M.F.  in  the  circuit  that  is  ;// 

es  as  great  as  that  in  one  turn.     Hence  if  a  change  (Ni  —  No) 

the  number  of  marked  lines  piercing  the  coil  occur  in  /  seconds 

time  (where  /  may  be  a  small  fraction),  we  have 

Resultant EM,K  e  =  (.^ijLZ  ^?)_^  ^'^ 

t 

§  5.  Induction  where  there  is  no  Initial  Gnrrent 
(I.)  If  we  consider  the  case  of  a  conducting  circuit,  in  which 
tihere  is  no  current  flowing,  moving  across  a  magnetic  field  so  as  to 
change  the  number  of  lines  of  force  piercing  the  circuit,  there  is 
lE^o  reason  from  the  point  of  view  of  *  conservation  of  energy  *  why 
there  should  be  an  induced  current  at  all  ;  for  the  circuit  when 
Stationary  in  any  part  of  the  field  has  no  potential  at  all,  not  being 
subject  to  any  force. 

(II.)  Or  again,  let  us  consider  a  circuit  in  which  there  is  an  initial 
JE,M,F,  E  ;  and  let  us  suppose  that,  by  making  the  rate  of  change 
in  the  number  of  lines  of  force  piercing  the  circuit  great  enough, 
we  induce  an  opposed  E.M.F.  e  exactly  equal  to  E.  In  such  a 
case  the  current  will  first  cease,  since  the  total  E.M.F.,  E  —  ^,  is 
zero.  There  is  no  reason,  from  the  conservation  of  energy  point  of 
view,  why  there  should  be  any  further  induction  if  we  still  further 
inci  ease  the  rate  of  change  of  the  lines.  For  we  might  now  have 
any  velocity  of  change  without  work  being  done,  since  the 
current  C  is  zero,  and  therefore  C  («i  —  n^)  is  also  zero. 

But  we  may  fairly  conjecture  that,  as  no  doubt  the  true  cause 
of  induction  lies  in  the  reaction  between  the  conductor  that  forms 
the  circuit,  and  the  magnetic  field  existing  in  the  surrounding 
medium,  therefore  there  will  in  case  (I.)  be  induction,  and  in  case 
(II.)  further  induction. 

If  there  is  such  induction,  so  that  there  is  a  current  C,  then 
since   the  work   per  second  due   to  the  induced   E.M.F.  e  is 
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measured  by  ^  C  and  is  also  measured  by  C  .  («i  —  ^2)1  it  follows 
that  as  before 


^  =  Wi  —  fi.)^ 

where  («i  —  n.2)  is  the  change  per  second  in  number  of  lines  of 
force  piercing  the  circuit. 

Thus  in  case    (L)  we    should    have    an    induced    E.M.F. 

<r  =  («i  —  /^j),  and  a  current  C  =  ^.     We  should  do  work  per 

IV 

second  on  the  circuit  measured  by  C  (;^i  —  «2)>  ^'^'^  should  gain 
equivalent  electrical  energy  measured  by  e  C.  In  case  (II.)  we 
should  do  negative  work  ^  C  as  long  as  the  current  flowed  against 
the  E.M.F.  ^,  i.e,  as  long  as  E  was  >  e  ;  zero  work  as  long  as  E  =  ^ 
and  C  was  zero ;  and  positive  work  e  C  when  C  had  changed  sign  in 
consequence  oie  being  now  >  E.     [All  reckoned  per  second.] 

Experiment  fully  confirms  this  conjecture,  and  proves  the 
formula  ^  =  (//i  —  Wa)  to  be  universally  true  for  conducting  cir- 
cuits ;  e  being  added  to  or  subtracted  from  the  initial  E,M.F,  E  if 
there  be  such,  or  appearing  alone  if  there  be  no  initial  E. 

This  occurrence  of  induced  E.M.F.s  in  all  cases,  whatever  be 
the  initial  E.M.F,  E,  must  be  regarded  as  a  phenomenon  due  to 
the  *  nature  of  things ' ;  it  could  not  have  been  predicted  from  the 
laws  of  '  Conservation  of  energy,'  &c.,  alone. 

Note. — In  the  simple  case  of  §  3,  where  a  pole  revolves  about  a  wire  that 
now  we  will  suppose  to  bear  no  current,  there  will  be  an  induced  E.M.F. 
measured  by  4  a  ir  /u  ;  the  symbols  having  the  same  meaning  as  in  §  4,  note. 

§  6.  Direction  of  the  Induced  Currents ;  Lenz's  Law. — We 

have  stated  that  the  direction  of  the  induced  E.M.F.s  depends 
upon  the  nature  of  the  movement.  It  is  not  hard  to  see  how  we 
can,  from  the  law  of  *  Conservation  of  energy,'  predict  this  direc- 
tion. 

There  are  three  main  cases  to  be  considered. 

(I.)  Where  the  electro-magnetic  system  does  positive  mechanical 
7vork. — Under  this  head  come  all  cases  in  which  magnets,  or  wires 
bearing  currents,  are  caused  to  move  in  consequence  of  electro- 
magnetic attractions  or  repulsions.  We  will  take  as  a  typical 
case  that  of  a  pole  urged  (by  the  electro-magnetic  field)  round  a 
wire  carrying  a  current ;  the  case,  in  fact,  of  §  3.  Here  there  is 
mechanical  work  done  upon  the  pole,  since  this  latter  is  either 
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gaining  kinetic  energy  or  perhaps  is  set  to  work  some  machine  at 
a  constant  speed.  According  to  the  argument  of  §3,  there  is  an 
induced  E.M.F.  e  opposed  to  E.  That  is,  there  is  an  E.M.F. 
induced  in  such  a  direction  as  would  alone  give  a  current  in  the 
opposite  direction  to  that  which  is  actually  flowing,  and  which  is 
causing  the  pole  to  move.  We  may  say  then  that  the  induced 
E.M.F.  opposes  the  movement  that  induces  it. 

In  all  similar  cases  where  there  is  work  done  by  the  system  and 
electrical. energy  expended,  the  induced  E.M.F.  e  is  opposed  to 
the  initial  E.M.F.  E  ;  and  would,  if  acting  alone,  drive  a  current 
opposed  to  that  actually  running.  But  in  electro-dynamics,  when 
the  current  changes  its  direction,  then  attractions  and  repulsions 
are  interchanged.  Hence,  in  all  cases  coming  under  this  head,  the 
induced  E.M.F.  opposes  the  inducing  movement. 

If,  in  the  simple  case  considered,  the  pole  be  absolutely  free 
to  move,  then  it  will  move  with  increasing  velocity  until  the  in- 
duced E.M.F.  ^,  which  [see  §  4,  note)  is  measured  by  4a7r  ;i,  becomes 
equal  to  E.    As  e  approaches  E  in  value  the  current   C  becomes 

E  —  ^ 

smaller  ;  since  C  -  — -^— .  Hence  the  force  acting  on  the  pole  be- 
comes smaller  and  smaller.  For  this  reason  it  will  take  an  infinite 
time  for  e  to  become  actually  equal  to  E,  though  it  may  not  take  long 
for  it  to  become  nearly  equal.  Supposing  it  to  have  become,  exactly 
equal,  then  the  current  ceases ;  there  is  no  energy  expended  by  the 
battery,  and,  since  the  pole  is  by  hypothesis  perfectly  '  free '  to  move, 
it  will  continue  revolving  with  constant  velocity,  and  there  will  be  no 
work  done.  Things,  therefore,  will  have  come  to  a  standstill,  from 
the  conservation  of  energy  point  of  view,  but  there  is  all  the  time  an 
electro-magnetic  inductive  action,  since  there  is  an  induced  E.M.F.  e 
equal  to  E. 

(II.)  Where  positive  mechanical  work  is  done  by  an  external 
agent  upon  the  electro -magnetic  system, — Where  we  alter  the  rela- 
tive positions  of  poles  or  circuits  so  as  to  do  positive  work  against 
the  electro-magnetic  forces,  there  must  be  given  to  the  electro- 
magnetic system  electrical  energy  equivalent  to  the  work  done. 
This  can  only  be,  as  was  argued  in  §  3,  by  the  induced  E.M.F.  e 
being  in  the  same  direction  as  the  original  E.M.F,  E.  Hence,  the 
induced.  E.M.F.  tends  to  drive  a  current  in  the  same  direction  as 
that  originally  flo>ying.     But  it  is  owing  to  this  original  current 
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that  we  are  (by  hypothesis)  doing  work  against  forces  that  oppose 
the  movement.  Hence  the  induced  E.M.F.  is  in  such  a  direction 
as  to  oppose  the  inducing  movement. 

Thus  in  the  simple  case  of  §  3,  if  we  whirl  a  pole  about  a  wire 
bearing  a  current,  in  the  direction  opposed  to  that  in  which  it  is 
urged  by  the  field  due  to  the  current,  we  do  mechanical  work  per 
second  on  the  system  ;  and  this  appears  as  electrical  energ)-  ^ C 
gained  per  second  by  the  circuit.  This  induced  KM.F.  e  adds  to 
the  current  which  is  opposing  the  movement  of  the  pole.  There 
is  now  given  out  in  the  circuit  per  second  /leat  to  the  amount  of 
EC  due  to  the  battery,  and  also  of  ^C  due  to  the  work  done  on 
the  system  from  outside.  We  feel  resistance  in  moving  the  pole ; 
and  we  can  regard  ^C  as  a  kind  of  equivalent  'heat  of  friction' 
given  out  per  second  in  the  circuit. 

(III.)  Where  there  was  originally  no  current, — We  have  seen 
in  §  5  how  there  are  E.M  F.s  induced  by  movements  even  when 
there  are  initially  no  currents. 

Considering  the  simple  case  of  §  3,  it  is  easy  to  see  in  «hat 
direction  the  induced  E.M.F.  must  be. 

Let  us  whirl  the  pole  about  the  wire,  and  let  the  induced 
E.M.F.  e,  and  current  arising  from  it,  be  in  such  a  direction  as  to 
oppose  the  movement.  We  then  do  work  on  the  system,  and  gain 
electrical  energy  in  the  system  ;  or  conservation  of  energy  is 
maintained.  But  if  we  were  to  suppose  the  E.M.F.  and  current 
to  be  induced  in  the  opposite  direction,  i,e.  so  as  to  urge  the  pole 
in  the  direction  in  which  it  is  moving,  we  should  then  have  elec- 
trical  energy  both  giving  out  heat  in  the  circuit  and  doing  external 
work  in  urging  the  pole,  and  we  should  have  created  this  energy 
out  of  nothing  ;  since  now  no  work  is  being  done  on  th.e  system. 
And  this  is  against  conservation  of  energy. 

Hence  we  conclude  that  the  induced  E.M.F.  is  such  as  to 
oppose  the  inducing  movement. 

From  considerations  such  as  those  given  above  we  should 
predict  that 

The  currents  which  are  induced  in  consequence  of  Movements  or 
other  changes  in  an  electro-magnetic  system  are  invariably  in  such  a 
direction  that  they  tend  to  oppose  these  movements  or  changes.  This 
law  was  observed  experimentally  and  enunciated  by  Lenz.     It  is 


c^.  xxu  ELECTRO-MAGNETIC   INDUCTION  355 

oalled  Lenses  la^v.    The  experiments  that  illustrate  this  law  are 
endless  in  number.     We  give  here  only  a  few. 

Experinunts  to  illustrate  Len^s  law, — In  experiment  (i.)  of  §  I  we  can, 

-without  much  difficulty,  show  that  when  the  current  in  the  primary  Aisstarttd 

thefe  is  induced  a  current  in  the  secondary  B  in  the  opposite  direction  ;  while, 

-when  the  current  in  A  is  broken,  there  is  induced  in  B  a  current  in  the  same 

direction.     In  both  cases,  therefore,  the  induced  current  opposes  the  change, 

for  it  will  repel  that  in  the  primary  while  the  latter  is  rising  from  zero  to  a 

maximum,  and  will  attract  it  while  falling  from  a  maximum  to  zero.     Or, 

again,  the  creation  of  a  current  in  A  has  the  effect  of  thrusting  lines  of  force 

into  B  in  one  or  other  direction,  and  the  inverse  induced  current  in  B  opposes 

this  by  thrusting  out  lines  in  the  opposite  direction,  while,  when  the  current  in 

A  ceases  and  the  lines  are  withdrawn,  the  direct  induced  current  in  B  creates 

lines  in  the  same  direction,  tending  (as  it  were)  to  pull  back  those  due  to  A. 

(ii.)  So,  again,  it  can  be  shown  that  in  experiments  (ii.)  and  (iii.)  of  §  i, 
the  induced  current  in  B  is  such  that  the  coil  A  or  the  magnet  is  repelled  by  B 
when  advanced,  and  attracted  by  it  when  withdrawn,  respectively.  Regarding 
the  coils  as  solenoids,  and  remembering  the  rule  of  Chapter  XX.  §  3,  it  is  easy 
to  verify  this  statement.  Another  way  of  stating  the  observed  result  is  to  say 
that  when  more  lines  are  thrust  into  the  circuit  B,  the  current  induced  is  such 
as  to  thrust  opposed  lines  out ;  while,  when  lines  are  withdrawn,  the  currer.t 
induced'  opposes  the  withdrawal  by  creating  lines  in  the  same  direction. 

(iii. )  A  circuit  is  arranged  comprising  a  battery,  resistances  for  regulating 
the  current,  a  single  rectilinear  wire  B,  and  a  delicate  galvanometer.  Whtn 
a  wire  A  bearing  a  current  is  brought  up  to  B,  the  decrease  or  increase  in  the 
deflexion  of  the  galvanometer  will  indicate  a  current  induced  in  B  in  iheopj  o^ 
site  direction  to  that  flowing  in  A  ;  when  A  is  withdrawn  the  galvanometer's 
increase  or  decrease  in  deflexion  indicates  an  induced  current  in  the  same 
direction  as  in  A.  So,  by  Ampere's  laws,  the  induced  current  is  such  as  to 
oppose  the  movement. 

(iv.)  With  the  same  apparatus  we  may  rapidly  pass  a  powerful  magnet 
pole  across  the  wire  B,  without  touching  it.  The  current  induced  can  be 
shown  to  be  such  as  tends,  according  to  the  law  given  in  Chapter  XVIII.  §§  2 
and  12,  and  Chapter  XIX.  §  7,  to  oppose  the  inducing  movement. 

§  7.  Constant  Induced  Currents. — The  question  as  to  how  we 
can  obtain  a  constant  induced  current  is  of  great  importance. 
We  shall,  later  on,  discuss  those  machines  by  means  of  which  we 
can  induce  currents  for  the  purpose  of  electric  lighting,  &c.  ;  and 
we  shall  show  how  a  practical  constancy  in  the  current  induced 
can  be  obtained. 

In  this  place  we  propose  only  to  show  how  an  absolutely  con- 
stant induced  current  could  theoretically  be  obtained. 
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(I.)  By  rti^olution  of  a  pole  about  a  wire, — When  a  pole  /i  re- 
volves with  constant  velocity  a  times  per  second  about  a  wire,  the 
induced  E.M.F.  e  is,  as  we  have  seen,  constantly  equal  to  4 air /j. 
An  arrangement  in  which  the  wire  revolves  with  uniform  velodty 
about  a  pole,  equivalent  to  the  converse  movement,  is  practicable, 
but  is  not  a  very  serviceable  machine  for  obtaining  induced  cur- 
rents.    Since  the  resistance  R  of  the  wire  is  constant,  it  follows 

that  the  current  is  constant,  being  equal  to  ^ ,  or  ^^-^, 

(II.)  By  the  rail-and- slider  arrangement, — In  the  figure  ARB 
represents  a  conductor  of  resistance  R,  including  a  galvanometer. 
A  C  and  B  D  are  thick  strips  of  copper  of  no  resihtance  that  is 


appreciable.  C  D  is  a  cross  piece,  also  of  no  resistance,  sliding 
in  perfect  contact  with  the  two  strips.  The  dots  represent  a  uni- 
form magnetic  field  in  which  we  suppose  the  lines  to  run  from 
above  perpendicularly  down  into  the  plane  of  the  paper,  i,e,  into 
the  plane  of  the  apparatus. 

If  the  slider  move  with  uniform  velocity  in  the  direction  of  the 
arrow,  we  add  to  the  circuit  A  C  D  B  A  a  constant  number  of  marked 
lines  of  force  per  second;  say  a  number  n.  Then  the  induced  E.M.F. 
is  measured  by  ^  =  ;/ ;  and,  since  we  suppose  the  resistance  to  lie 


e 


n 


in  the  part  ARB  only,  the  induced  current  is  equal  to  ^   or 

R         R 

and  is  constant.     In  the  case  given  it  will  be  such  as  to  oppose 

the  introduction  of  more  lines  down  into  the  circuit.     That  is,  it 

will  be  such  as  to  thrust  lines  up  out  of  the  circuit ;  i,e,  the 

circuit  will  have  a  N  polarity  presented  upwards,  or  the  current 

will  flow  in  the  direction  C  A  B  D. 

If,  other  things  remaining  the  same,  we  incline  the  field  so 

that  the  lines  make  an  angle  0  with  the  perpendicular  to  the 
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plane  of  the  circuit,  it  is  clear  that  now  we  add  only  ncosd  marked 
lines  per  second  to  the  circuit. 

/Resistance  expressed  as  a  velocity,  — We  have  seen  in  Chapter  XV  III. 
55  5  that,  in  the  electro- magnetic  system,  R  is  of  the  dimensions  of  a 
velocity.  It  happens  that  the  above  simple  apparatus  enables  us  to 
show  how  R  can  in  fact  be  measured  by  a  velocity.  (Compare  alsf) 
Chapter  XVIII.  §  4,  not.e  on  method  (ii.)  of  determining  resistance.) 

Let  us  assume  for  simplicity  that  the  other  quantities  concerned 
are  each  unity  ;  ue,  that  the  field  is  of  unit  strength  and  is  perpendi- 
cular to  the  plane  of  the  apparatus,  so  that  we  have  one  line  of  force 
piercing  each  i  sq.  cm, ;  that  the  rail  is  of  i  cm,  length,  and  that  the 
current  is  of  unit  strength. 

The  rail  must  move  with  such  a  velocity  that,  in  the  formula  given 
above,  n  may  be  numerically  equal  to  R.  This  means  that  we  must 
add  R  sq,  cms.  to  the  area  of  the  circuit  each  second  ;  or,  since  the  rail 
is  I  cm,  long,  this  must  move  with  a  velocity  expressed  by  the  number 
R,  or  with  R  cms.  per  second. 

Hence,  under  the  above  *  unit  conditions '  we  can  measure  R  by 
the  velocity  of  the  rail  required  to  give  unit  current. 

The  velocity  that  would  thus  measure  the  absolute  unit  of  resistance 
is  that  of  I  cm.  per  second,  while  lo**  cms.  per  second  measures  i  ohm. 

§  8.  Changes  that  give  Induced  Currents. — In  considering  the 
question  as  to  whether  in  any  particular  case  there  will  be  an 
induced  current,  we  have  to  remember  two  facts. 

(a)  That  when  a  conductor  cuts  across  lines  of  force  there  is 
always  an  induced  E.M.F. 

(b)  That  when  there  is  a  change  in  the  number  of  lines  piercing 
a  circuit  there  is  a  resultant  E.M.F.  induced  in  the  circuit 

We  will  consider  several  cases. 

(I.)  A  circuit  nioinng  in  a  uniform  field. — If  the  circuit  move 
])arallel  to  itself  (in  such  a  way  that  the  direction  of  movement 
causes  the  circuit  to  cut  the  lines  of  force),  the  number  of  marked 
lines  embraced  will  not  alter ;  and  there  will  be  no  resultant  E.M.F., 
or  current,  induced.  The  two  sides  of  the  circuit,  it  is  true,  do  cut 
the  lines  ;  and  so,  by  principle  (a\  there  is  an  E.M.F.  induced  in 
each  side.  But  these  E.M.F.s  are  equal  and  opposed.  There  is 
no  resultant  E.M.F.  in  the  circuit,  but  the  top  and  bottom  of  the 
cit-cuit,  where  the  wire  does  not  cut  the  lines  of  force,  will  be 
maintained  at  different  potentials,  as  could  be  demonstrated 
connecting  them  with  a  quadrant  electrometer. 
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If,  however,  there  be  any  movement  of  rotation,  then  the 
number  of  marked  lines  embraced  is  altered,  and  there  is  an  E.M.F. 
induced.  It  is,  in  fact,  a  very  usual  way  of  obtaining  induced 
currents  to  rotate  a  circuit  or  coil  in  a  field  that  is  more  or  less 
uniform. 

(II.)  M<n*ement  of  a  circuit  in  a  non-ttnifarm  Jle/d.—Vihert 
the  field  is  not  uniform,  movements  of  a  circuit  will  in  general 
j)roduce  a  cliange  in  the  number  of  marked  lines  embraced,  and  so 
there  will  be  an  E.M.F.  induced.  In  certain  cases  the  two  move- 
ments of  translation  and  rotation  respectively  way  give  as  a  result 
no  change  in  the  number  of  lines  embraced  ;  in  which  case  there 
is  no  E.M.F.  induced  in  the  circuit  as  a  whole. 

(III.)  Mm'ements  of  an  incomplete  circuit ;  e.g.  of  a  rectilinear 
7vire. — In  considering  the  movements  of  an  incomplete  circuit, 
such,  e.g.^  as  a  rectilinear  piece  of  wire,  we  may  adopt  two  courses. 
^\'e  may  consider  it  to  form  part  of  a  closed  circuit,  the  rest  of 
which  is  at  an  infinite  distance,  and  is  indefinitely  remote  from 
the  magnetic  field  in  question  ;  or  we  may  consider  the  piece  of 
wire  by  itself.  It  may  be  stated  as  a  general  law  that  there  will 
or  will  not  be  an  E.M.F.  induced  according  as  the  wire  cuts  or 
does  not  cut  the  lines  of  force,  as  strings  are  cut  by  a  knife. 

AW^.  —  If  this  were  absolutely  true  we  should  never  have  an  E.M.F. 
induced  when  the  wire  either  moved  in  its  own  direction,  piercing  the  field  end- 
forcinost  as  a  needle,  or  if  it  moved  in  any  way  in  a  plane  in  which  lay  the 
lino  of  force.  Now,  it  is  certainly  true  that  in  the  latter  case  we  never  have 
an  inciuced  current.  But  in  the  former  case  we  might  have  a  current  ;  for  the 
wire  might,  so  to  speak,  *  tunnel  its  way  *  end-on  along  the  axis  into  a  cylindrical 
.vystem  of  lines  of  force  ;  the  self-induction  in  a  rectilinear  current,  mentioned 
in  the  note  to  §  lo,  l)eing  a  case  of  this  nature. 

While,  therefore,  the  statement  that ^  .     .     .     .     ... 

IV/ien  a  conductor  moves  in  a  magnetic  field  there  vHll  or  will  not  he  an 
induced  current  according  as  it  does  or  does  not  cut  the  lities  of  force  .  ,  . 
is  a  good  general  rule,  covering  all  cases  of  importance,  still  it  is  well  to  seek 
for  a  rule  that  shall  cover  all  cases.  Now,  such  a  rule  can  be  found  from 
I.cnz's  law,  if  we  remember  the  nature  of  the  field  given  by  a  rectilinear  cur- 
rent, and  so  by  a  current  of  any  shape.     We  may  say  that 

When  a  conductor  moves  in  a  magnetic  field  there  will  or  tuill  not  be  an 
induced  E.  M.  F.  in  it  according  as  the  field  due  to  a  current  produced  by 
such  an  E.  M.  F.  can  or  can  not  oppose  the  change  infield  due  to  the  movement. 

(IV.)  Cases  ivhere  the  cofiductor  (or  circuit)  is  stationary^  the  field 
hciii;^  altered. — In  s.uch  cases  there  is  no  obvious  cutting  of  lines 
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of  force.  But  both  theory  and  experiment  tell  us  that  all  such 
cxises  of  alteration  in  the  field  about  a  conductor,  or  circuit,  can 
be  regarded  as  equivalent  to  cases  where  the  same  change  has 
been  produced  by  movements  on  the  part  of  the  conductor  from 
a  weaker  to  a  stronger  part  of  the  field,  or  conversely.  We  may, 
therefore,  consider  that  all  cases  included  under  this  head  have 
been  already  discussed  above. 

§  9.  Coefficient  of  Mutual  Induction,  or  of  Mutual  Potential. 
— Let  us  consider  two  simple  circuits,  A  and  A',  carrying  currents 
C  and  C  respectively.  Each  gives  a  magnetic  field,  and  each  is 
placed  in  the  field  due  to  the  other.  If  n  and  n  are  the  number 
of  marked  lines  due  to  A'  embraced  by  A,  and  due  to  A  embraced 
by  A',  respectively,  then  the  potentials  on  each  circuit  due  to  the 
other  are  Cn  and  Cn',  respectively.  That  is.  it  would  require  Cn 
ergs  to  bring  up  A  from  infinity  to  its  present  position,  A'  remain- 
ing stationary  ;  or  C  n'  ergs  to  bring  up  A',  A  remaining  stationary. 
Now,  if  A  be  moved  to  infinity,  we  do  —  Cn  ergs  work  ;  and  if  A' 
be  moved  after  it  into  the  same  relative  position  as  initially,  we 
do  -I-  CV  ergs  work.  But,  on  the  whole,  since  things  are  exactly 
as  they  were,  we  must,  by  *  Conservation  of  energy,*  have  done  no 
work.  Hence  it  follows  that  Cn  and  Cn'  must  be  equal  ;  and, 
therefore,  two  circuits  exert  on  one  another  a  mutual  potential. 

Again,  the  number  n  of  marked  lines  of  force  due  to  A'  that 
pierce  A  are,  cceteris  paribus^  directly  proportional  to  the  current 
C  of  A';  this  following  from  the  fact  that  in  our  system  of  units 
we  measure  currents  by  the  field-strength  produced  at  constant 
distance.  And  the  number  n'  of  marked  lines  that  pierce  A'  are 
in  like  manner  directly  proportional  to  C. 

Hence,  since  we  have  shown  the  potential  to  be  *  mutual,'  this 
*  mutual  potential '  must  be  measured  by  some  expression  of  the 
form  CC'M]  where  M  depends  upon  the  shapes  and  positions  of, 
and  distance  between,  the  two  circuits,  and  not  on  the  current- 
strengths. 

Thus  we  have  Cn  =  Cn'  =  CC'M, 

If  we  make  C  and  C  both  unity,  we  find  that  M  =  «  or  n'. 
Hence  we  see  that  when  unit  current  flows  in  each  circuit,  the 
number  of  marked  lines  due  to  the  other,  piercing  each  circuit 
respectively,  is  the  same. 
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And  we  see,  further,  that  the  symbol  M,  whose  meaning  we 
had  not  given  exactly,  represents  this  number.  The  reader  will 
notice  that,  for  unit  current,  this  number  is,  as  we  said,  something 
depending  upon  the  shapes  and  positions  of,  and  distance  between, 
the  two  circuits. 

It  only  remains  to  state  that  if/ is  called  ihtcaeffident  of  mutual 
induction  or  of  mutual  potential. 

Hence,  the  coefficient  M  of  mutual  induction^  or  of  mutual  poten- 
tial^ between  two  circuits  is  measured  by  the  number  of  marked  lines 
due  to  either  that  are  embraced  by  the  other  when  the  currents  are 
both  unity.  And  when  the  currents  are  C  and  C  respectively^  then 
the  mutual  potential  will  be  expressed  by  CC  M. 

If  we  consider  a  current  C  sent  through  the  one  circuit,  it  will  in  con- 
sequence send  C  M  marked  lines  of  force  through  the  other.  If  it  take 
/  seconds  to  establish  the  current  (where  /  may  be  a  small  fraction  of  a- 

C  M 
second)  then  there  are  lines  added  per  second  to  the  second  cir- 

C  M 

cuit.     Hence  the  induced  E.M.F.  ^  •  —  .     This  shows  us  (i)  the 

reason  for  M  being  called  the  coefficient  of  mutual  induction  as  well 
as  that  of  mutual  potential ;  and  (2)  how,  in  such  an  arrangement,  the 
magnitude  of  the  induced  E.M.F.  e  is  inversely  proportional  to  the 
time  taken  to  establish  or  destroy  the  primary  or  inducing  current. 

§  10.  Self-induction.  The  <  Extra  Current* — Let  us  consider 
a  circuit  comprising  a  coil  of  many  turns  and  a  battery;  this  circuit 
being  so  arranged  that  it  can  be  made  or  broken  at  will. 

When  the  circuit  is  made  the  current  does  not  rise  to  a  maxi- 
mum at  once.  If  we  consider  only  the  positive  current,  or  the 
flow  of  +  electricity  from  the  -f  pole  of  the  battery  to  the  —  pole, 
we  find  that  it  takes  time  to  rise  to  a  maximum  ;  and  that  in  so 
rising  the  turns  of  wire  that  are  more  remote  from  the  4-  pole  of 
the  battery  always  lag  behind  those  that  are  nearer  to  it.  Each 
turn  of  wire,  as  the  current  in  it  increases,  thrusts  an  increasing 
number  of  marked  lines  through  the  adjacent  turns  of  wire.  It, 
therefore,  acts  inductively  on  these,  and,  by  Lenz's  law,  the  induced 
?".M.F.  is  in  such  a  direction  as  to  oppose  the  rise  in  current- 
strength.  There  is,  in  fact,  an  im^rse  induced  current.  Thus  the 
roil,  as  a  whole,  offers  an  inductive  obstruction  to  the  rise  in  current 
that  is  quite  distinct  from  resistance  ;  and  that  will,  as  far  as  it  is 
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due  to  the  above  given  cause,  disappear  if  the  coil  be  unwound 
and  laid  out  as  a  straight  wire. 

Note, — In  a  straight  wire  there  is  also  induction,  but  to  a  less  degree.  In 
this  case  each  bit  of  wire  gives  a  field  of  circular  lines  of  force,  not  only  alx)ut 
itself,  but  also,  to  a  much  smaller  degree,  about  the  wire  in  front  and  l)ehin(l ; 
and  any  increase  in  this  field  is  also  opposed  by  induction  {see  §  8  (HI.)* 
note). 

When  the  circuit  is  broken,  induction  in  the  inverse  direction, 
ue.  so  as  to  oppose  the  cessation  of  the  current,  ensues  ;  and  there 
is  an  induced  current  added  to  the  original  current  just  as  the 
latter  is  ceasing.  Now,  the  primary  current  can  be  broken  much 
more  abruptly  than  it  can  be  made;  and  hence,  since  e  is  inversely 
proportional  to  the  time  taken  to  effect  the  change  in  field,  the 
E.M.F.  of  this  direct  induced  current  is  much  greater  than  is  that  of 
the  inverse  induced  current ;  it  may,  indeed,  be  made  very  great 
indeed. 

This  direct  induced  current  that  occurs  in  the  coil  when  the 
circuit  is  broken  is  called  the  extra  current. 

Experiments.  —  (i. )  In  the  figure  B  is  a  coil  in  circuit  with  a  battery  whose 
poles  are  E  and  E' ;  this  circuit  can  be  broken  at  E.  The  two  points  A  and  C 
are  connected  by  a  short  circuit  that  includes  a  galvanometer  G. 


When  this  circuit  is  complete  the  current  flows  as  shown,  and  the  galvano- 
meter is  deflected  as  indicated.  When  the  circuit  is  broken  at  E,  it  is  easy  to 
see  that  a  direct  extra  current  in  the  coil  would  now  pass  round  the  galvano- 
meter in  the  contrary  direction  to  that  in  which  it  before  passed,  although  in 
the  coil  B  it  flows  in  the  same  direction  as  before.     Hence  the  extra  current 
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would  be  indicated  by  an  opposite  direction  of  deflexion  in  G.  In  order  to 
distinguish  this  reverse  swing  from  the  fall  back  to  zero,  which  would  ensue 
merely  from  the  fact  that  the  battery  circuit  is  broken,  it  is  necessary  to  keep 
the  needle  at  zero  by  means  of  stops  placed  so  as  to  prevent  the  former  deflexion, 
but  so  as  to  permit  of  the  second  deflexion  if  such  there  be.  Such  a  deflexion 
is,  in  fact,  observed  ;  and  it  demonstrates  the  existence  of  the  extra  current. 
(The*  present  writer  has  found  that  very  marked  results  may  be  obtained  with 
two  Leclanche  cells  as  battery,  an  ordinary  rough  astatic  galvanometer  at  G, 
and  a  powerful  electro-magnet  instead  of  the  simple  coil  B. ) 

(ii. )  If  there  be  in  circuit  a  powerful  electro-magnet  and  a  suflficient  battery, 
and  if  the  circuit  be  broken  by  a  person  holding  in  his  moistened  hands  the 
two  ends  of  the  circuit,  a  shock  will  be  perceived.  The  high  E.M,F,  of  the 
induced  extra  current  is  sufficient  to  drive  some  current  through  the  human 
body  that  has  suddenly  been  interposed  in  the  circuit. 

We  see,  then,  that  when  a  circuit  is  made,  the  current  rises 
slowly,  and  research  has  shown  that  its  rise  is  oscillatory.  It  then 
continues  uniform  as  long  as  the  battery  is  constant.  When  the 
circuit  is  broken,  there  is  a  sudden  leap  in  the  magnitude  owing 
to  the  extra  current ;  and  finally  it  ceases  again  in  an  oscillatory 
manner,  much  more  abruptly  than  it  began.  All  this  is  very 
readily  exhibited  by  means  of  a  curve,  the  abscissae  measuring, 
time  and  the  ordinates  magnitude  of  current. 

§  II.  Induced  Currents  of  Higher  Orders. 

It  is  found,  as  might  indeed  have  been  predicted,  that  induced 
currents  will  themselves  act  as  inducing  currents. 

We  may  arrange  a  series  of  coils  somewhat  as  folio a's.  First,  a 
primary  A,  and  round  it  a  secondary  B.  B  may  then  be  in  circuit 
with  a  coil  B'  at  a  distance  from  A,  so  that  currents  induced  in  B  will 
circulate  also  in  B' ;  and  round  B'is  placed  another  coil  C  upon  which 
B'  can  act  inductively,  while  A  is  too  remote  to  have  any  direct  influ- 
ence. We  will  use  the  words  *  direct '  and  '  inverse '  when  the  currents 
are  in  the  same  direction  as,  or  in  the  opposite  direction  to,  the  original 
current  in  A  respectively. 

We  find  that  when  the  current  is  made  in  A,  we  have  an  inverse 
current  induced  in  B  and  therefore  passing  in  B'.  This  current,  as  it 
rises  in  strength  from  zero  to  a  maximum,  induces  in  C  an  opposed 
current,  which  will  therefore  be  direct ;  and,  as  it  falls  again  to  zero, 
it  induces  in  C  a  current  in  the  same  direction,  which  will  therefore  be 
inverse. 

So,  when  the  current  in  A  is  broken^  we  have  a  rt?/;v^/ current  induced 
in  B  ;  and  in  C,  an  inverse  followed  by  a  direct  current. 


>t 


CHAPTER  XXII.    ^ 

ARAGO'S  DISC,   RUHMKORFF's  COIL,   AND   OTHER   CASES   OF 

INDUCTION. 

§  I.  Induced  Currents  (*  Eddy  Currents ')  in  Solid  Metallic 
'asses  moying  in  a  Magnetic  Field.— When  a  conducting  mass 
"lOBoves  in  a  magnetic  field  currents  are  induced.  Here,  as  always, 
the  currents  are  such  as  to  oppose  the  movement ;  work  must  be 
done  on  the  masses  in  order  to  move  them,  and  we  have  develciped 
in  the  mass  equivalent  electric  energy,  which  finally  runs  down 
kto  the  form  of  an  equivalent  of  heat. 

Such  currents  will,  as  a  rule,  run  in  eddies ;  but  if  we  connect 

.  two  points  in  the  mass  by  a  conducting  wire,  these  two  points 

being  so  chosen  as  to  be  at  different  potentials,  we  thereby  modity 

a  portion,  at  least,  of  the  induced  *  eddy  currents  '  into  a  current 

running  round  a  definite  circuit 

Experiments,— {^\.)  If  a  copper  cube  be  caused  to  rotate  between  the  poles 
of  a  powerful  electro-magnet  while  this  latter  is  as  yet  *un-made/  and  if  we 
then  *  make '  the  electro-magnet  by  sending  a  current  round  it,  the  cul)e  will 
be  visibly  retarded  or  stopped  in  its  movement. 

(ii.)  A  disc  caused  to  rotate  in  the  field  will  get  perceptibly  heated. 

(iii. )  In  §  3  we  shall  see  how  a  current  may  l^e  *  collected '  from  the  disc. 

(iv.)  When  a  person  cuts  through  the  field  between  the  poles  of  a  very 
powerful  electro-magnet  with  a  copper  knife,  it  will  appear  as  though  he  were 
cutting  through  soft  cheese,  so  strong  is  the  opposition  due  to  the  induced 
currents. 

§  2.  Arago*8  Disc  and  Magnetic  Needle.— There  is  one  case 
of  the  above  that  is  of  especial  historic  interest,  and  though  in  no 
way  peculiar,  wull  be  described  at  some  length.  In  1824  Arago 
discovered  the  *  damping*  effect  produced  by  the  presence  of 
copper  and  of  other  conducting  masses  on  magnetic  needles 
oscillating  near  them.  If  a  needle  oscillate  \txy  close  over  a 
copper  disc,  and  still  more  if  it  oscillate  between  two  copper  discs, 
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it  will  very  soon  come  to  resL  This  is  due  to  the  induction  of 
currents  in  the  copper,  these  currents  being  such  as  to  oppose  ihai 
motion  of  the  needle  which  is  the  origin  of  the  induction. 

In  the  figure  we  have  a  copper  disc  caused  to  rotate  with  great 
velocity  under  a  magnetic  needle ;  a  sheet  of  glass  between  ihe 
two  obviates  any  disturbance  due  to  air-eddies  caused  by  ;he 
rotating  disc.  The  needle  is  deflected  in  the  direction  of  rotation 
of  the  disc,  and  will,  if  the  velocity  be  great  enough,  finally  rmaie 
also.  This  motion  of  the  needle  is  not  difficult  to  explain.  In 
consequence  of  the  rotation  of  the  disc  in  the  magnetic  field  due 
to  the  needle,  currents  are  induced  in  the  former.  These  currents 
are  in  such  a  direction  that  they  oppose  the  relative  motion  of  disc 


and  needle.  They  would  be  induced  equally  if  the  disc  were 
stationary  and  the  needle  rotated.  We  have  thus  a  reaction 
between  needle  and  disc  that  tends  to  stop  the  relative  motion; 
and  so,  if  the  needle  be  free  to  move,  it  will  be  urged  round  in  the 
same  direction  as  the  disc.  If  slits  be  cut  radially  these  interfere 
with  the  induced  currents,  and  therefore  with  the  actions  described; 
but  if  they  be  cut  in  circles  whose  centres  lie  on  the  common  axis 
of  rotation  of  disc  and  of  needle,  their  presence  makes  much  less 
difference. 

§  3.  Contiaaoiii  Current  Collected  from  Barlow'B  Wheel. — 
In  the  figure  the  dots  represent  a  field  of  force,  siipi)osed  to  be 
running  down  into  the  plane  of  the  diagram.  The  circle  is  a 
copper  disc,  revolving  in  the  direction  of  the  arrow,     O  B  C  A  O 
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•  *  circuit,  of  which  OCA  is  a  wire  connected  at  O  with  the 
IfKio  of  the  disc,  and  having  sliding  contact  with  the  edge  of  the 
™*c  at  A ;  this  circuit  is  completed  by  whatever  radius  of  the  disc 
99ppens  to  lie  between  0  and  A.  If  a  current  from  an  external 
■BHsrce  be  sent  in  the  direction  A  O  B  C  A,  the  disc  will  rotate  in 
Sw*  direction  of  the  arrow.  We  can  consider  the  field  as  acting 
•4*ays  on  the  moveable  radius  O  A,  urging  it  (by  the  law  given  in 
•Chapter  XIX.  §  7,  and  elsewhere)  to  the  left.  When  so  used,  the 
■^BC  is  called  'Barlau^s  wheel.'  If  there  be  no  external  source  of 
i^JfMttncnt,  but  the  disc  be  forcibly  turned  with  the  arrow,  there  will 
~^fe*  a  current  induced  in  the  circuit  in  such  a  direction  as  to  oppose 


the  motion,  i.e.  in  the  direction  O  AC  B  O  ;  the  seat  of  the  in- 
duced E.M.F.  being  in  the  shifting  radius  O  A,  which  is  always 
cutting  the  lines  of  force.  The  current  thus  induced  gives  lines 
of  force  rising  perpendicularly  upward  from  the  plane  of  the 
diagram,  opposed  to  those  of  the  inducing  field. 

With  a  powerful  electro-magnet  this  experiment  is  very  easily 
performed. 

If  the  rotation  be  performed  in  the  opposite  direction,  a  very 
retnarkable  result  follows.  The  current  is  of  course,  in  any  case, 
in  opposite  directions  in  the  portions  O  A  and  B  C,  which  we  may 
for  simplicity  suppose  to  be  parallel.  Hence  the  motion  of  the 
disc  (when  this  turns  in  the  contrary  direction  to  that  of  the 
arrow),  tending  as  it  does  always  to  move  O  A  towards  B  C,  will  be 
against  the  electro-dynamic  repulsion  of  the  parallel  and  opposed 
currents  in  O  A  and  B  C  respectively.  This  will  give  rise  to  in- 
duction opposing  the  motion ;  i.e.  the  opposed  currents  in  O  A 
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and  B  C,  or  the  current  of  the  circuit,  will  increase 
I'hus,  if  a  current  be  started  in  the  circuit,  and  if  then  the  exit 
field  be  caused  to  vanish,  induction  will  continue,  owing 
action  between  the  portions  OA  and  BC.^  We  thus  hate 
phenomenon  of  a  current  maintained  solely  by  work  done  « il 
system  of  copper  conductors  ;  there  being  no  external 
fii;ld,  no  battery,  and  no  electricity  due  to  friction.'' 

If  the  disc  turn  aa  in  the  figure,  the  inductive  action  betna 
B  C  and  O  A  tends  again  to  oppose  the  motion ;  and  in  ihisose 
the  effect  will  be  to  lessen  the  current  in  the  portions  OAud 
li  C,  i.e.  the  current  of  the  circuit 

§  4.  Indaotion  in  the  Earth's  Field. — We  can  obtain  induwl 
cunents  by  rotation  of  a  coil  in  the  earth's  field.  •  In  general,  wiw 
a  coil  so  rotates  the  number  of  lines  of  force  piercing  it  is  vaiie4 
and  there  will  be  E.M.F.s  induced. 


In  the  figure,  S  R  is  a  coil  of  many  turns  of  insulated  wire,  an 
XY  represents  the  direction  of  the  earth's  lines  of  force.  Ti 
coil  is  turned  by  means  of  a  handle  M.  "The  whole  is  mountf 
upon  a  stand  in  such  a  way  that  the  axis  of  rotation  may  lie 
any  direction  whatever.  If  the  coil  be  initially  in  the  positii 
shown,  viz.  perpendicular  to  the  lines  of  force,  then  as  it  is  tumi 
'  The  apparatus  as  so  used  is  called  '  Sir  W,  TAtmsoii'i  tUtlrU  <ttrr- 
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the  number  of  lines  piercing  it  will  be  diminished,  becoming  zero 
when  the  coil  presents  its  edge  to  the  lines  of  force.  As  it  is 
further  turned  the  lines  will  begin  to  pierce  the  other  face,  so  that, 
between  the  initial  position  shown  and  that  which  is  180°  from  it, 
the  number  of  lines  piercing  the  one  face  of  the  coil  will  pass  from 
a  H-  maximum,  through  zero,  to  a  —  maximum.  All  this  will 
induce  an  E.M.F.  and  current  in  one  direction.  Thus,  if  the  lines 
of  force  run  from  X  to  Y,  this  rotation  through  180°  causes,  first, 
a  withdrawal  of  the  -t-  lines  piercing  the  face  that  is  initially 
uppermost,  and  then  an  introduction  of  --  lines  into  this  face. 
Both  these  changes,  which  may,  indeed,  be  regarded  algebraically 
as  a  continuous  diminution  in  the  -h  lines  piercing  this  face,  are 
opposed  by  the  face  in  question  becoming  S  in  polarity ;  for  this 
polarity  opposes  the  weakening  of  the  +  field  piercing  the  face, 
and  also  opposes  the  introduction  of  —  lines.  Hence,  in  this 
case,  the  current  will  run  clockwise.  But  as  the  coil  continues  to 
rotate  through  the  remaining  180°  back  to  its  initial  position, 
similar  reasoning  shows  us  that  an  opposite  current  will  be  induced. 
Hence,  as  the  coil  rotates  steadily,  there  are  equal  and  opposite 
currents  induced  each  half-turn.  To  collect  these  into  one 
current  that  may  be  caused  to  deflect  a  galvanometer,  &c.,  a  com- 
mutator is  arranged  at  a.  This  is  a  simple  contrivance,  to  be 
described  later  in  Chapter  XXIII.  §4,  by  means  of  which  the  two 
ends  of  the  coil  interchange  their  connection  with  the  two  ends  of 
the  external  circuit  exactly  at  the  time  when  the  current  changes 
its  direction ;  Le,  just  when  the  coil  is  passing  the  position  shown 
in  the  figure.  • 

Experifnetits,—{i,)  It  can  be  shown  that  the  current  is  greatest  when  the 
change  per  second  in  number  of  marked  lines  embraced,  for  the  same  speed  of 
rotation,  is  greatest.  This  will  be  when  the  axis  of  rotation  is  perpendicular 
to  the  lines  of  force  ;  since  then  the  lines  pass  from  the  maximum  possible  to 
the  minimum  possible. 

(ii.)  .When  the  axis  lies  along  the  lines  of  force,  there  is  no  current.  For 
now  no  lines  pierce  the  face,  and  there  is  no  change  produced  by  rotation,  the 
lines  lying  always  in  the  plane  of  the  coils. 

(iii. )  The  current  is  greater  as  the  velocity  of  rotation  is  greater. 

This  apparatus  would,  theoretically  at  least,  enable  us  to  de- 
termine the  earth^s  elements  at  a  place.  Ft)r  that  direction  of  the 
axis  which  gives  us  zero  induced  current  on  rotation,  is  the  direc- 
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tion  of  the  earth's  lines.  And  if  the  axis  be  now  placed  at  ri^ 
angles  to  these,  the  magnitude  of  the  induced  current  for  a  giva 
velocity  of  rotation  would,  if  the  *  constants '  of  the  instrument  aie 
known,  give  us  the  earth's  field-strength. 

§  5.  Indoetion    Coils;    General    Plan.— We    have  seen  in" ^' 
Chapter  XXI.  §  i  how  currents  may  be  induced  in  a  *  secondary' 
coil  by  the  making  and  breaking  of  a  current  in  another  coil, 
called  the  *  primary,'  placed  inside  the  former.      We  have  further 
seen  how  the  magnitude  of  the  induced  E.M.F.  depends  mainly 
upon  three  conditions  (sje  Chapter  XXI.  §  4),  viz 

(i.)  The  field-strength  given  by  the  primary  circuit  when  the 
current  flows  through  it. 

(ii.)  The  number  of  turns  of  wire  in  the  secondary  that  are 
pierced  by  the  lines  of  force  due  to  the  primary. 

(iii.)  The  suddenness  with  which  the  primary  current  b  made 
or  broken. 

In  order  to  fulfil  condition  (L),  the  primary  is  provided  with  a 
soft  iron  core,  and  the  current  sent  through  the  primary  is  strong. 
Thus  we  make  or  destroy  a  powerful  field  each  time  we  make  or 
break  the  primary  current. 

For  condition  (ii.),  it  is  necessary  to  have  very  many  turns  of 
wire  in  the  secondary.  The  wire,  therefore,  has  to  be  very  thin, 
and  we  get  a  high  E.M.F.  but  a  great  resistance. 

For  condition  (iii.),  there  are  special  arrangements  devised, 
'i'hese  will  be  given  in  §  8  and  elsewhere. 

By  paying  proper  attention  to  these  three  conditions,  we  may 
obtain  induced  currents  of  very  high  E.M.F.  but  of  very  short 
duration.  Such  currents  give  sparks,  produce  shocks,  and  pro- 
duce other  phenomena  not  obtainable  from  the  primary  current. 
For  certain  purposes  this  modification  of  the  energy  of  the 
primary  battery  is  desirable. 

An  arrangement  consisting  of  a  primary  coil  with  its  own  iron 
core,  a  secondary  coil  of  many  turns  of  wire,  and  a  contrivance  for 
making  and  breaking  the  primary  circuit,  forms  what  is  called  an 
induction  coil. 

If  N  be  the  total  number  of  marked  lines  of  force  due  to  the 
primary  that  pierce  the  m  turns  of  the  secondary,  and  if  it  take 
/,  and  t>i  seconds  respectively  to  break  and  to  make  the  primar}', 
then  we  have 
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[On  breaking,  the  direct  induced  E.M.F.  e^  = . 

On  making,  the  inverse  induced  E.M.F.  e^ 

'•      By  *  making '  or  *  breaking  *  we  mean  the  increase  frpm  zero  to 
%e  maximum,  and  decrease  from  the  maximum  to  zero,  respec- 
"^vely.  'I'he  times  t^  and  t^  will  be  some  small  fraction  of  a  second 
'  iBf  time. 

-' .  §  6.  Practical  Difficulties  to  be  Overcome.— The  main  diffi- 
culty encountered  in  the  contriving  of  an  induction  coil  which 
.shall  give  induced  currents  of  high  E.M.F.,  lies  in  fulfilling  the 
Jast  of  the  above  three  conditions. 

When  the  current  is  made  there  is  an  inverse  current  induced 
in  the  primary  itself,  and  this  causes  the  rise  to  a  maximum  to  be 
relatively  gradual.  Hence  the  E.M.F.  e^  of  the  inverse  current 
induced  in  the  secondary  will  be  relatively  small,  since  the  time 
/j  (see  §  5)  is  relatively  great.  (We  may  here  remind  the  reader 
that  when  a  coil  has  an  iron  core  the  inverse  and  direct  currents  of 
self-induction  are  far  greater  than  when  there  is  no  iron  core,  since 
the  field  due  to  the  core  is  added  to  that  due  to  the  current.) 
This  difficulty  cannot  be  overcome ;  and  hence  the  devisers  of 
induction  coils  have  turned  their  attention  entirely  to  rendering 
the  break  of  current  very  abrupt,  or/,  very  small,  and  so 
obtaining  in  the  secondary  a  direct  induced  current  of  high 
E.M.F. 

When  the  primary  current  is  broken^  there  is  in  the  primary  a 
direct  extra  current  due  to  self-induction,  the  presence  of  the 
iron  core  making  this  effect  greater.  This  direct  extra  current  has 
a  high  E.M.F.,  so  high,  indeed,  that  the  current  breaks  disrup- 
tively  across  the  break  just  made  in  the  circuit.  Thus,  when 
we  break  the  primary  the  extra  current  gives  a  spark  at  the 
break  ;  and  this  both  prolongs  the  current,  or  increases  /i,  and 
therefore  diminishes  ^,,  and  also  may  fuse  and  injure  the  metal 
at  the  key  by  which  the  ciicuit  is  made  and  broken. 

This  difficulty  is  met  and  overcome  by  means  of  the  condenser 
described  in  §  8. 

Another  obstacle  in  the  way  of  abrupt  break  is  the  induction 
of  eddy  current  in  the  iron  core  ;  these  currents,  of  course,  oppo- 
ing  the .  cessation  of  the  primary  current.     This  is  obviated  by 
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slitting  the  core  longitudinally  or  by  making  it  of  a  bundle  of  soil 
iron  wires  insulated  from  one  another. 

Again,  the  iron  core  takes  a  certain  time  to  become 
and  demagnetised.  This  is  not  such  an  important  obstacle ;  but 
even  this  is  nearly  entirely  obviated  by  means  of  the  condensei,ai 
will  be  explained  in  §  8, 

Again,  so  great  is  the  E.M.F.  induced  in  the  seconduyihil 
there  is  danger  of  a  spark  penetrating  the  Insulating  coatingof 
this  wire.  This  danger  is  obviated  by  a  special  method  cf 
winding. 

§  J.  Ktilunkorff's  Coil — Fi^.  i.  represents  a  form  of  ccd 
called  Ruhmkorff's  coil,  after  the  inventor.     Here  N  and  Fare 


the  terminals  of  the  primary  connected  with  the  battery  ;  the 
primary  coil  is  not  shown,  but  its  core  A,  composed  of  a  bundle 
of  soft  iron  wires  insulated  from  each  other  so  as  to  obviate  eddy 
currents,  is  seen  slightly  projecting  from  the  coil ;  C  is  an  ar- 
rangement for  turning  the  current  off,  or  on,  permanently  ;  i  is  a 
piece  of  metal  called  the  Aammer,  which  alternately  is  attracted  uf 
to  the  iron  core  A,  thereby  breaking  the  current,  and  falls  back  \t) 
its  own  weight,  thus  making  the  current  again  ;  B  is  the  secondai] 
coil  ;  /  and/'  are  its  terminals  ;  inside  the  stand  K  is  the  con 
denser,  whose  function  will  be  described  later. 

As  a  special  instance  we  may  quote  the  dimensions  of  Spottiswoode'i 
la:^  coil.  This  was  constructed  on  the  same  principles  as  the  above 
bui  the  arrangement  for  making  the  circuit  was  worked  separately 
and  was  not  the  automatic  hammer  contrivance  shown  in  the  figure 
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In  this  large  coil  the  primary  was  a  wire  of  about  ^  inch  diameter 
and  660  yards  in  length,  wound  in  about  1,350  turns.  The  secondary 
was  a  wire  of  about  ~~  inch  diameter,  and  280  miles  in  length.  The 
whole  coil  was  4  feet  in  length  and  20  inches  in  diameter. 

The  maximum  spark  obtained  was  about  42  inches  long.    This  coil 
is  the  largest  yet  made. 

In  fig.  ii.  we  have  a  section  of  a  coil  very  similar  to  that  of 
fig.  i.,  though  the  two  do  not  correspond  in  all  their  details. 
Initially  the  hammer  b  lies  on 
M,  and  the  primary  current 
from  the  battery  X  passes  by 
P  into  the  primary  coil  D,  out 
of  this  again  to  the  metal  piece 
L,  and  so  by  the  hammer  b 
through  M  and  N  to  the  battery 
X  again.  By  the  passage  of 
the  current  the  core  A  is  mag- 
netised, increasing  many-fold 
the  field  due  to  the  primary 
coil  alone.  This  creation  of  a 
field  inside  the  secondary  coil  B 
induces  an  inverse  E.M.F.  in 
this  coil ;  and,  if  the  terminals 
//'  be  in  contact  or  very  near 
to  one  another,  an  inverse 
current  will  pass.  This  inverse 
current  is,  as  we  have  explained,  of  no  very  great  E.M.F. 

The  moment  that  A  is  magnetised,  the  hammer  b  is  attracted 
upward,  and  thus  the  primary  circuit  is  broken.  This  causes  the 
core  A  to  be  unmagnetised  ;  and,  in  consequence  of  the  with- 
drawal of  the  field,  there  is  a  direct  E.M.F.  induced  in  the 
secondary  coil  B.  This  E.M.F.  is  high,  since  the  break  of  the 
primary  is  very  abrupt,  and  /i  {see  §  5)  is  very  small. 

We  have  not  yet  described  the  part  played  by  the  condenser 
F  F,  as  this  matter  deserves  a  section  to  itself.  We  may  here  re- 
mark that  L  and  N  are  connected  by  the  route  N  M  ^  L  only,  there 
being  no  connection  through  q  and  s. 

Caution, — It  may  be  well  to  warn  the  student  that  exposure  to 
shocks  from  the  induced  currents  of  an  induction  coil  may  be  very 
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painful  or  even  fatal.     He  should  not  take  shocks  from  any  but 
coils,  say  those  giving  |-inch  sparks  as  their  maximunL 

As  regards  the  winding  of  the  secondary  coiU  we  may  say  that 
wire  is  wound  in  sections,  separated  from  one  another  by 
partitions  ;  these  sections  being  such  that  any  two  portions  of  the 
\\  hich  are  at  a  great  difference  of  potential  at  the  make  or  break, 
separated  from  each  other  by  one  of  these  partitions.     In  fact, 
care  is  taken  to  prevent  the  coil  being  ruined  by  internal  dis 

The  primary  may  be  made  and  broken  in  many  ways ;  the ' 
mer'  arrangement   is  only  one  of  many  forms.     Thus  the  * 
and-break'  is  sometimes  effected  between  a  platinum  point  anddV^ 
alloy  of  mercury  and  platinum,  under  the  surface  of  alcohol ;  alttaB   J 
tion  of  the  surfaces  due  to  the  extra-current  spark  being  thus  obvi 
The  speed  of  the  make-and-break  may  be  regulated  by  hand,  by 
work,  or  in  other  ways.     Thus  the  primary  currents  are  more 
control,  and  the  inverse  and  direct  induced  currents  may  be  obsend 
separately. 

§  8.  The  Part  Played  by  the  Condeniser.— Connected  with  die  |h^ 
metal  piece  L  ^  are  a  series  of  sheets  of  tin-foil  ;  and  connected 
with  Nj  are  another  series.  These  two  sets  lie  as  shown  in  lie 
the  fig.  ii.  of  the  last  section,  being  separated  by  sheets  of  waxed  \ir 
paper  or  of  other  insulating  material.  The  whole  thus  forms  a  |( 
condenser  of  very  large  surface,  the  set  connected  with  L  fonnii^ 
one  plate,  and  that  connected  with  N  forming  the  other.  Now 
when  the  primary  current  is  broken  by  the  rise  of  ^,  an  extra 
current  is  self-induced  in  the  primary.  Were  there  no  condenser, 
this  would  leap  across  the  space  between  d  and  M  in  disruptive 
discharge ;  thus  both  prolonging  the  time  /,  of  break,  and 
injuring  the  surfaces  of  contact  But  with  the  condenser  the 
case  is  different.  Before  the  extra  current  can  give  a  spark  across 
the  gap  between  d  and  M,  it  must  raise  the  two  large  condenser 
plates  connected  with  ^  and  M,  to  the  necessary  difference  of 
potential.  These  plates  have  a  very  large  capacity,  however. 
Hence  the  extra  current  is  employed  in  charging  the  condenser, 
and  does  not  give  a  spark  across  M  fi  at  all. 

This  is  the  main  use  of  the  condenser  ;  it  prevents  '  spark- 
ing/ and  thus  permits  of  an  abrupt  dreak  to  the  primary. 

Another  use  is  as  follows.  While  d  is  still  in  mid  air  between 
M  and  A,  the  extra  current  not  only  charges  the  condenser,  but 
again  rebounds  (as  it  were) ;  and,  traversing  the  primary  in  the 
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direction,  helps  to  reduce  A  more  abruptly  to  the  neutral 

further  effect  of  the  condenser  is  to  lower  the  E.M.F.  of 

verse  current  that  is  induced  in  B  on  *  making '  the  primary. 

€  current  has  to  charge  the  condenser  ;  and  hence  its  rise 

maximum  is  delayed.     We  have  said  that  it  is  on  the  direct 

current  that  we  must  depend  for  a  high  E.M.F.  ;  and  we 

show  in  §  II  how  it  is  an  advantage  to  reduce  as  far  as 

ible  the  E.M.F.  of  the  neglected  inverse  current     The  con- 

r,  therefore,  will  have  been  of  service  in  a  third  way. 

*§  9.  Condition  of  the  Secondary  Circuit  when  Closed. — 

ferring  to  the  formula  of  §  5,  we  see  that   in  the  coil  just 

ibed  the  number  N  is  the  same  for  both  induced  currents, 

the  time  ^2  's  greater  than  /,. 

From  this  it  follows  that  the  inverse  induced  E.M.F.  Co  is  less 
"iWian  the  direct  E.M.F.  ^,,  but  exists  for  a  longer  time.  Therefore 
e  inverse  current  is  weaker  than  the  direct,  but  lasts  longer. 
Now  suppose  the  secondary  circuit  to  be  closed  ;  no  air-space 
Teft  between  the  terminals  /  and  /'  of  §  7.  We  should  predict 
that  for  each  make-and-break  the  total  quantities  of  electricity 
flowing  in  the  two  directions  respectively  will  be  equal.  Various 
experiments  may  be  tried  with  the  closed  secondary  circuit  which 
will  illustrate  the  conditions  of  things  that  then  obtains. 

Experinunts, — (i.)  When  we  include  in  the  closed  secondary  circuit  a  cell 
consisting  of  a  copper  solution  and  two  copper  plates  sufficiently  large  to 
obviate  polarisation  and  to  give  good  conduction,  there  is  zero  resultant  action. 
Here  the  action  depends  upon  quantity,  not  E.M.F.  ;  and  the  result  indicates 
that  the  quantities  in  the  two  currents  are  equal,  and  flow  in  opposite 
directions. 

If  the  plates  are  small,  so  that  there  is  high  resistance  and  polarisation, 
there  will  be  some  slight  action  showing  a  predominance  of  the  direct  current 
which  has  a  higher  E,M,F, 

(ii.)  If  we  use  a  cell  of  acidulated  water  and  platinum  electrodes,  we  have 
results  which  vary  with  the  size  of  these  electrodes  and  with  the  conductivity 
of  the  dilute  acid.  In  general  we  have  liberated  at  each  electrode  a  mixture 
of  the  two  gases ;  these  will  be  in  proportions  which  are  nearly  equivalent  at 
each  pole,  if  the  electrodes  are  large  and  the  liquid  very  conducting,  but  will 
show  a  predominance  of  the  direct  current  if  the  converse  conditions  hold. 
This  is  again  due  to  the  higher  E,M,F,  of  the  direct  current. 

(iii. )  If  we  include  in  the  circuit  a  galvanometer  of  sufficiently  long  coil, 
we  have  a  feeble  action  in  favour  of  the  direct  current ;  but  this  action  is  very 
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faint  compared  with  that  which  obtains  when  (as  will  be  explained  in  §  io)itH 
cut  ofT  the  inverse  current  altogether.  ■  ^ 

(iv.)  A  person  included  in  the  circuit  experiences  shocks  from  bothconentttj 
but  mainly  from  the  direct  with  its  higher  E,M,F.  {see  §  7,  caution), 

§  10.  Secondary  Circuit  with  Air-Break. — If  now  we  separate 
the  terminals  of  the  secondary  circuit,  gradually  increasing  the 
distance  between  them,  we  find  that  less  and  less  of  the  inverat 
current  breaks  across  the  air-space  ;  until  at  last,  by  interposing  a 
sufficient  interval,  we  have  left  only  the  direct  current,  which  from 
its  high  KM.F.  is  able  still  to  bridge  over  the  gap  with  a  disruptive 
discharge. 

Experimetits, — (i.)  Interposing  such  an  air-space  in  the  circuit,  we  find 
that  electrolytic  cells  in  the  circuit  exhibit  decompositions  that  indicate  x 
powerful  direct  current. 

(ii. )  A  galvanometer  included  in  the  broken  circuit  now  shows  a  steady 
deflexion  due  to  the  direct  currents  that  rapidly  succeed  one  another. 

§  II.  Electrostatic  Condition  of  the  Open  Seeondaif  Tenni- 
naU.  The  Charging  of  Leyden  Jars. — Now  let  us  suppose  the 
interval  between  the  secondary  terminals  to  be  so  great  that  not 
even  the  direct  induced  current  can  strike  across. 

When  the  current  in  the  primary  is  'made,'  the  secondary 
terminals  //'  become  of  positive  and  negative  potentials  respec- 
tively ;  we  may,  e g.^  suppose/  to  become  +  and/'  to  become  - 
But,  as  the  KM.F.  of  the  inverse  current  is  not  great,  so  the. 
electrostatic  difference  of  potentials  observed  at/  and/'  will  not 
be  great. 

When  the  primary  current  is  *  broken,'  the  direct  induced 
current  will  cause/  to  become  — ,  and/'  to  become  +  ;  and  the 
electrostatic  difference  of  potential  between  /  and  /'  will  now  be 
far  greater  than  it  was. 

When,  as  with  the  vibrator  or  other  high  speed  interruptor.  the 
direct  and  inverse  currents  follow  one  another  rapidly,  the  termi- 
nals /  and  /'  will  show  a  permanent  potential  difference,  owing 
to  the  difference  in  the  E.M.F.s  of  the  two  currents.  We  shall 
find  /  to  be  — ,  and  /'  to  be  + .  This  A  V  is  of  course  not  really 
constant,  but  is  continually  rising  and  falling.  When,  however, 
the  currents  follow  one  another  with  sufficient  rapidity,  the  needle 
of  a  quadrant  electrometer  will  give  a  deflexion  indicative  of  the 
average  A  V  between  /  and  f\ 
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•  ■  We  saw  in  §  8  that  the  condenser  acted  not  only  to  increase  the 
^.M-F.  of  the  direct,  but  also  to  decrease  the  E.M.F.  of  the 
Xnverse,  induced  current.  Hence  the  condenser  acts  so  as  to  in- 
e  the  permanent  ^  V  between  the  secondary  terminals. 
Coil  used  with  Leydenjar. — If  the  two  coatings  of  a  Leyden  jar 
e  connected  with  m  and  «  in  the  manner  shown  in  the  figure, 


the  discharge  is  modified  in  form.  We  do  not  now,  as  is  the  case 
when  no  jar  is  used,  have  a  discharge  each  time  that  the  'break' 
is  abrupt  enough  to  give  the  E.M.F.  required  to  overcome  the  air- 
space mn.  On  the  contrary,  the  jar  is  charged  only  in  virtue  of 
the  difference  in  E.M.F. s  between  the  two  currents;  and  the 
discharge  across  m  n  takes  place  only  when  the  jar  is  sufficiently 
charged ;  so  that  the  period  between  two  discharges  depends  upon 
the  capacity  of  the  jar.  The  striking  distance  is  very  much 
smaller  than  when  no  jar  is  used  ;  and,  for  some  reason  which 
the  present  writer  believes  has  not  yet  been  made  quite  clear,  it 
depends  further  upon  the  capacity  of  the  jar. 

Charging  a  Leyden  jar  battery. — The  above  given  method  may 
be  employed  to  chaise  a  very  large  jar  or  battery.  But  where  it 
is  desired  to  charge  such  a  battery  and  to  leave  it  charged, 
another  arrangement  is  adopted.  Here  the  battery  is  chained  by 
means  of  the  direct  current  alone,  an  air-space  being  interposed. 
When  the  inner  coaling  of  the  jars  rises  to  a  certain  potential, 
sparks  will  cease  to  strike  across  the  air-space.  The  battery  may 
then  be  removed  and  Its  charge  utilised. 

The  use  of  a  '  secondary  condenser,'  as  it  is  called,  causes  the 
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spark  to  be  much  denser ;  the  noise  also  becomes  very  much 
greater. 

§  12.  Varions  Phenomena  of  the  Secondary  DiBchaige. 

(I.)  Luminous  effects, — When  the  discharge  takes  place  under 
ordinary  atmospheric  pressures,  and  without  the  use  of  a"  *  secon- 
dary condenser  *  (i.e,  a  Leyden  jar  connected  with  the  secondary 
terminals),  it  generally  takes  the  form  of  a  zigzag  bluish-white 
spark,  a  peculiar  sharp  cracking  sound  accompanying  it  IJnder 
certain  conditions  this  may  be  seen  to  be  surrounded  by  a  luminous 
haze.  Indeed,  there  appear  to  be  two  modes  of  discharge  that 
occur  at  the  same  time  ;  viz.  the  true  spark,  and  a  quieter  form 
resembling  the  '  brush  discharge  *  spoken  of  in  Chapter  VI.  §  15. 
When  the  space  is  too  great  to  admit  of  a  spark  passing  there 
may  be  observed  a  phenomenon  resembling  the  brush,  or  silent, 
discharge  that  occurs  under  similar  conditions  with  electric 
machines. 

The  luminous  effects  occurring  in  high,  and  in  low,  vacua  will 
be  discussed  in  §  14,  &c. 

(II.)  Chemical  effects, — When,  by  means  of  an  air-break,  the 
inverse  current  is  cut  off  and  the  direct  only  passes,  we  may 
obtain  all  the  electrolytical  phenomena  described  in  Chapter  XII. 
But  there  is  another  effect  produced  by  the  spark  of  the  induction 
coil,  as  also  by  the  continued  spark  of  the  Holtz  or  other  similar 
machine.  If  the  spark  be  passed  for  a  considerable  time  through 
mixtures  of  gases,  there  will  in  certain  cases  occur  combinations 
that  rannot  be  obtained  directly  by  any  other  means.  Thus  we 
may  in  this  way  cause  nitrogen  to  combine  directly  with  oxygen. 

(III.)  Heating  effects, — The  temperature  of  the  spark,  especially 
when  a  secondary  condenser  is  used,  is  very  high.  It  is,  however, 
rather  difficult  to  distinguish  clearly  between  effects  due  to  the 
high  temperature  of  the  spark,  and  those  due  to  the  violent 
mechanical  disturbance  that  accompanies  the  disruptive  electric 
discharge.  If,  for  example,  we  find  the  material  of  the  termhial 
carried  off  and  vaporised,  we  cannot  say  that  this  is  wholly  due 
to  heat  ;  it  may  be  partly,  at  least,  what  we  may  more  fairly  call  a 
mechanical  action. 

(IV.)  Use  with  the  spectroscope. — It  is  found  that  the  discharge 
has  the  effect  of  carrying  off  and  vaporising  part  of  the  material 
of  the  terminals  \  this  being  especially  the  case  when  the  secon- 
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^Luy  condenser  is  used.  When  the  spark  is  observed  with  the  aid 
of  the  spectroscope,  there  will  be  observed  the  spectra  peculiar  to 
"the  materials  composing  the  terminals. 

§  13.  High  and  Low  Vacua. 

In  the  present  Course  there  is  no  space  to  give  an  account  of  the 
Icinetic  theory  of  gases.  The  student  is  therefore  recommended  to  read 
elsewhere  enough  on  the  subject  to  understand  the  following  points. 

(i.)  The  general  nature  of  a  gas. 

(ii.)  How,  though  the  motion  of  a  single  molecule  cannot  be 
followed,  certain  general  statements  may  be  made  as  to  the  average 
condition  of  the  molecules. 

(iii.)  What  is  meant  by  the  mean  velocity  and  the  mean  free  path 
of  the  molecules. 

When  we  say  that  there  is  in  a  vessel  an  ordina^^y^  ox  low ^  vacuum^ 
;wc  imply  that  the  mean  free  path  of  the  molecules  is  still  of  incon- 
siderable length  as  compared  with  the  dimensions  of  the  vessel, 
though,  of  course,  much  longer  than  under  ordinary  atmospheric 
pressure.  Thus,  in  low  vacua,  no  group  of  molecules  can  move  across 
the  tube,  or  from  end  to  end  of  it,  as  a  whole  ;  if  such  a  group  were  to 
start  together  in  one  direction,  it  would  be  broken  up,  and  the  mole- 
cules composing  it  would  be  scattered  and  dispersed  before  any  con- 
siderable distance  had  been  traversed,  in  fact,  with  respect  to  the 
dimensions  of  the  vessel,  we  may  say  that  the  rare  gas  that  fills  it 
when  there  is  a  low  vacuum  presents  the  same  perfect  confusion  of 
movement  on  the  part  of  the  molecules  that  is  presented  by  gas  under 
ordinary  pressures,  though,  of  course,  there  are  much  fewer  molecules 
per  unit  volume. 

When  we  say  that  there  is  in  a  tube  a  high  vacuum^  sometimes 
called  a  Crooked  vacuum^  we  imply  that  the  mean  free  path  is  now  of 
a  length  equal  to,  or  exceeding,  the  dimensions  of  the  vessel.  When 
this  is  the  case,  a  group  of  molecules  started  from  one  side  or  end  of 
the  vessel  will  as  a  whole  reach  and  impinge  against  the  other  side. 

§  14.  Discliarge  in  Lov  Vacua. 

(a)  Vacuum  tubes, — For  the  purpose  of  exhibiting  the  phenomena 
of  discharge  in  low  or  high  vacua,  tubes  or  other  vessels  are  prepared 
in  which  the  air  or  other  gas  has  been  reduced  to  the  required  degree 
of  rarity,  a  true  vacuum  being  necessarily  unattainable.  These  tubes 
are  provided  with  platinum  terminals  that  pass  through  and  are  fused 
into  the  glass.  Usually  there  are  two  such  terminals,  one  connected 
with  the  +,  and  the  other  with  the  — ,  pole  of  the  source  of 
current. 

(,:i)  Almost  all  that  is  stated  in  this  and  in  the  rvext  s^c\\q\\  \%  \x\ift. 
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u-hatcver  be  the  source  of  the  current,  whether  an  induction  ci 
dynamo,  a  Holti  machine,  or  a  voltaic  battery.     The   E.M.F,  of  ik  I 
source  must,  however,  be  very  great.     But  Li  what  follows 
unless  the  contrary  be  stated,  assume  that  the  source  is  an  i/uiKtu'  I 

(y)  Consider  now  that  we  begin   to  exhaust  the  air  fromontri  I 
these    tubes,    the    platinum    terminals    being    connected    with  tin  I 
secondary  terminals  of  the  coil.    When  the  pressure  has  bllen  v>  I 
half  an  atmosphere  or  so,  the  discharge  will  have  greatly  aJtend  ic  I 
character.     Instead  of  the  comparatively  short  loud-sounding  iftA, 
we  shall  have  a  silent  apparently  continuous  illumination  of  thewhok 
tube,  and  the  dbtance  across  which  the  discharge  will  take  place  wiU 
have  become  much  extended. 

At  a  pressure  of  I  mm.  or  so  the  biilliant  soft  illui 
remarkable. 

The  difference  between  this  and  the  ordinary  spark  reminds  or 
of,  and  is  doubtless  analogous  to,  the  difference  between  the  auroi 
borealis  and  the  lightning  spark. 

This  glow,  when  examined,  gives  us  the  spectrum  peculiar  lo  il 
rare  gas  that  (ills  the  tube. 

(B)  Fluorescence  phenomena. — This  discharge  appears  lo  be  pecu- 
liarly rich  in  the  rays  (mainly  the  invisible  short  ultra-violet  wa\esl 
that  excite  fluorescence.  When  the  glass  of  the  tube  contains  quimn 
sulphate,  uranium  oride,  or  other  suitable  body,  the  character 
fluorescent  glow  will  be  observed,  in  addition  to  the  light  due  to  th* 
gas  in  the  tube. 

(»)  The  discharge  is  disruptive. — When  two  points  are  separata! 
by  an  air-space  and  sparks  due  to  any  source  of  current  are  striking 
across,  there  is  a  constant  average  4  V  between  the  points.  This  a 
the  case  in  disruptive  discharges.  But  when  the  points  are  separated 
by  a  «j«rfac/or,  whether  good  or  bad,  the  iV  between  the  points  varies 
according  to  the  E.M.F.  of  the  source,  and  the  distribution  of  resist- 
ances in  the  circuit,  as  explained  in  Chapter  XIII.  §  n.  In  the 
present  case  the  discharge  is  thus  shown  to  be  disruptive. 

(f)  Stria  or  strata.— Vader  certain  conditions  the  discharge  is 
not  continuous  in  appearance,  but  shows  strix  or  strata  of  greater 
luminosity  separated  by  darker  intervals.  The  figure  here  given 
indicates  the  appearance  presented  by  these. 

The  existence  of  these,  their  form,  and  their  movements,  depend 
upon  the  rapidity  of  the  maie-aad-dreai  of  the  primary,  the  steadiness 
of  the  primary  battery,  and  upon  other  conditions  as  yet  not  fully 
tmderstood. 

All  striae  seem  to  have  their  OTt^ft  sit  the  -t  terminal. 
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(>))  Behaniiour  in  a  magnelk  field.  —  When  a.  long  lumioous 
■discharge  in  a  wide  vacuum  vessel  is  exposed  to  a  magnetic  field, 
It  behaves  as  would  a  flexible   and   extensible  conductor  carrying  a 


CniTCnt     Thus,  in  fig.  Ji.  we  see  how  a  horseshoe  magnet  acts  upon 
such  a  discharge ;  the  discharge  is  inflected. 

By  means  of  a  more  complex  piece  of  apparatus  the  discharge  can 
be  caused  to  rotate  about  a  magnetic  pole. 


(fl)  Action  of  parallel  discharges  upon  one  another. 

Dr.  Crookes  has  recently  verified  experimentally  that  two  parallel 
discharges  in  a  low  vacuum  obey  Amp&re's  laws  of  parallel  currents 
given  in  Chapter  XVIII.  §  16. 

§  15.  Diubai^  in  Hig:h  Vaesa. 

The  remarks  made  in  (n)  and  (<)  of  g  14  apply  also  to  the  present 
section.  We  now  proceed  lo  mention  briefly  the  phenomena  peculiar 
to  high  vacua.  To  Dr.  Crookes  is  due  our  knowledge  of  these  inter- 
esting and  beautifiji  phenomena. 

(11)  Let  us  suppose  that  the  tube  in  the  figure  has  a  negative  pole 
at  the  centre,  and  a  positive  pole  at  each  end. 
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When  the  exhaustion  is  what  is  usually  called  'good'  for  a  Iw  1 
vacuum,  say,  far  example,  that  the  pressure  is  nnly  half  a  mijllm^lre  I 
of  mercury  or  about  ,^'^5  of  an  atmosphere,  there  is  observed  01 
side  of  the  negative  electrode  a  dark  space,  this  space  being  bouo^ft 
by  a  brilliant  luminosity,  Many  experiments  lend  to  show  tbttinf 
extent  of  this  dark  space  measures  the  mean  free  path  of  those 


cules  which  are  charged  by  contact  wi^h  the  -  pole  and  are  lb« 
repelled.  It  seems  that  such  molecules  are  projected  from  Ihe  - 
pole  normally  to  its  surface  ;  they  beat  back  the  other  molecules,  and 
at  the  surface  over  which  this  conflict  is  most  energetic  there  is  Iht 
brilliant  light  as  evidence  of  the  energy.  There  is  no  dark  spaceil 
the  positive  pole, 

(8)  As  the  enhaustion  proceeds,  the  dark  space  (or  mean  free  path 
of  the  molecule?)  increases,  and  at  last  the  dark  space  extends  right 
across  the  vessel,  and  the  molecules  projected  normally  from  the  - 
pole  bombard  the  glas^  on  the  opposite  side.  It  appears  that  all 
<irdinary  glass  thus  bombarded  exhibits  a  peculiar  greenish  phosphor- 
escence. Many  preciiius  stones  and  minerals  are  rendered  beautifully 
luminous  by  this  molecular  bombardment.  This  projection  tiike:! 
place  from  the  —  pole  only,  and  it  proceeds  straight  from  it,  no  matter 
where  the  +  pole  may  be.  In  the  figure  we  see  to  the  left  the  appear, 
ance  in  a  /aw  vacuum,  the  discharge  taking  place  between  the  poles. 
To  the  right  we  see  the  phenomenon  of  a  high  vacuum  ;  the  direction 
of  discharge  from  the  -  pole  being  independent  of  the  position  of 

(y)  Deflexion  by  a  ma^et.—li  appears  that  the  molecular  stream 
is  deflected  by  a  magnet,  but  not  in  the  same  way  as  was  the 


discharge  of  ^  14  (-j),  fig  u     This  is  shown  here  m  fig   1 
second  place  the  deflexion  is  independent  of  the  directio 


the  molecules  are  moving.    To  use  Dr.  Crooltes'  simile,  the  deflexion 
may  be  compared   to  the  action  of  a  high  wijid  on  a  stxeaxci  of 
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mitrailleuse  bullets,  being  constant  for  both  directions  of  movement  o( 
the  stream.     This  is  not  the  case  with  low  vacuum  discharges. 

(d)  Rotation  about  a  pole, — So  also  we  can  obtain  rotations  about 
the  pole  of  a  magnet ;  but,  unlike  the  case  of  low  vacuum  discharges, 
this  is  independent  of  the  direction  of  movement  of  the  molecules. 

(c)  Action  of  molecular  streams  upon  one  another. — Dr.  CrooVes 
found  that  two  streams  running  in  the  same  direction  side  by  side 
repel  one  another ;  they  appear  to  behave  as  mutually  repelling  simi- 
larly charged  particles,  not  as  parallel  ciurents. 

Note. — It  has  been  supposed  that  two  similarly  charged  particles 
moving  side  by  side  have  two  actions  on  one  another,  the  one  being 
an  electrostatic  repulsion,  the  other  being  an  electro-magnetic  attrac- 
tion. When  they  have  the  *  ratio  velocity '  {see  Chapter  XVI 1 1.  §  5),  or 
about  the  velocity  of  light,  it  is  supposed  that  these  two  actions 
balance  one  another  ;  when  a  smaller  velocity,  the  electrostatic  repul- 
sion predominates  ;  when  a  greater  velocity,  the  electro-magnetic 
attraction  predominates.  But  from  the  extreme  difficulty  there  is  in 
conducting  such  experiments  with  any  certain  data  as  to  velocities, 
&c.,  there  is  still  much  that  is  uncertain  and  demanding  further 
investigation. 
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CHAPTER  XXIII. 

DYNAMO-ELECTRIC  MACHINES. 

In  the  brief  sketch  of  *  Dynamos'  here  given,  the  author  has  been 
^ided  mainly  by  the  writings  of  Prof.  S.  P.  Thompson.  To  these 
writings  the  student  is  referred  for  fuller  information  on  this  subject. 

To  the  same  authority  the  author  is  indebted  also  for  the  principle 
of  the  diagram  given  in  Chapter  XXIV.  §  7  ;  and  to  the  courtesy  of 
the  publishers,  Messrs.  Spon  &  Co.,  for  the  use  of  the  diagrams 
given  in  §§  16,  18,  19,  21  of  the  present  Chapter. 

§  I.  General  Nature  of  a  *  Djrnamo.'— We  have  seen  in 
Chapter  XXI.  that  when  a  conductor  cuts  lines  of  force  in  a 
magnetic  field,  there  is  an  E.M.F.  induced  in  this  conductor; 
and  that  when  a  coil  is  moved  in  a  magnetic  field  in  such  a  way 
as  to  alter  the  number  of  lines  of  force  piercing  it,  there  is  a 
resultant  E.M.F.  induced  in  this  coil.  At  the  end  of  §  4  in 
Chapter  XXI.  we  indicated  the  manner  in  which  this  induced 
E.M.F.  may  be  calculated. 

Those  machines  on  which  we  expend  mechanical  work  in 
causing  the  necessary  movements,  and  from  which  obtain  elec- 
trical energy,  are  called  dynamo-electric  machines,  or  more  briefly 
dynamos, 

§  2.  Greneral  Account  of  Induced  Currents.-  Let  the  symbols 
tf,  Nj,  N2,  »/,  and  /  have  the  same  meaning  as  in  Chapter  XXI. 
§  4,  end.    Then  we  have  in  general 

^  -  (N,  -  N..)  X  m 
t 

If  the  resistance  of  each  turn  of  wire  be  R,  then  the  resistance 
of  the  whole  coil  is  m  R.  Hence,  if  the  external  resistance  be  r 
we  have  by  Ohm's  law  an  induced  current  C  measured  by  .     .     . 
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C  = 


wK  +  r  mK  -{•  r 

We  have  then  a  case  similar  to  that  of  a  series  of  voltaic  cells 
arranged  in  series.  By  the  principles  of  Chapter  XIII.  §§  6  and  13, 
we  can  determine  whether  it  is  more  advantageous  to  arrange  the 
turns  of  wire  in  *  series,'  or  to  arrange  them  *  parallel'  so  as  to  be 
equivalent  to  one  turn  of  thicker  wire,  or  to  arrange  them  partly 
in  'series '  and  partly  *  parallel'  It  all  depends  upon  the  relative 
magnitude  of  R  and  r. 

As  an  example  we  may  consider  the  simple  case  ol  Chapter 

XXII.  §  4.     Let  the  area  of  the  coil,  measured  in  sq.  cms.,  he  S; 

let  the  number  of  turns  of  wire  be  « ;  let  the  strength  of  the 

earth's  field  be  I ;  and  let  the  coil  be  completely  rotated  a  times 

pLT  second.     When  the  coil  has  its  plane  perpendicular  to  the  lines 

of  force,  there  sue  m  IS  marked  lines  of  force  piercing  the  circuit; 

this  is  because  there  are  m  turns  of  wire,  and  because  the  'number 

of  lines  of  force '  piercing  each  sq.  cm.  measure  the  field-strength, 

as  is  explained  in  Chapter  X.  §§  13  and  14,  and  in  Chapter  XVIL 

§  I .     When  the  coil  is  edgeways  to  the  lines,  no  lines  pierce  it 

When  it  has  turned  through  180°,  so  as  to  be  again  perpendicular 

to  the  lines  of  force,  then  mlS  lines  pierce  it  in  the  opposite 

direction.     Hence  there  is  a  total  change  of  2  mlS  lines.     When 

it  is  turned  through  the  remaining  180^,  the  same  change  occurs. 

For  one  complete  revolution  there  is  therefore  a  change  of  4)7/ IS 

lines.     And  in  one  second  there  will  be  a  change  of  4amlS 

lines.     Hence,  if  by  means  of  a  commutator  the  contrary  KM.F.s 

induced  in  the  two  halves  of  a  revolution  be  caused  to  give  a 

current  in  a  constant  direction  (see  Chapter  XXII.  §  4,  and  §  4  of 

the  present  Chapter),  we  have 

e^=:  4a f/l IS 

and  C  =  i-^^^i  S. 

The  reader  is  recommended  to  return  to  the  general  remarks 
of  this  and  the  last  section  when  he  has  read  the  accounts  of 
several  dynamos  described  in  what  follows. 

We  may  add  that  though  large  E.MF.s  may  be  obtained  by 
means  of  dynamos,  we  cannot  approach  in  magnitude  the  E.M.F.S 
obtainable  by  means  of  induction  coils. 
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§  3.  Clark's  Kaohine  —  1  he  simplest  form  of  dynamo  is  that 

T^anstructed  on  the  pattern  of  the  Clark  s  machine  This  has  a 
field  given  by  permaneni  magnets  and  is  therefore  often  called 
^  magneto  machme 

*  _  In  Clark  s  machme  there  is  a  permanent  magnet  A  that  giies 
'"%■  e  field  ;  the  strength  of  this  field  can  be  regulated  bj  connect 
inc;  tht  two  polis  of  the  m  ignet  com 
jiietelv  partiallj  or  not  nl  all  bj  a  soft 
1  keeper  In  mcdiuil  coils  this 
^uhtor  IS  an  essential  addition  In 
e  front  of  the  magnet  poles  there 
t  ite  two  coils  B  and  B  wound  with 
le  continuous  wire  in  such  a  way 
at  the  EM  Fs  induced  in  tht  two 
coils  act  in  one  direction  along 
the  wire.  These  coils  are  pro 
vided  with  soft  Iron  cores  in 
order  to  increase  by  magnetic 


induction  the  number  of  marked  lines  of  force  piercing  the  coils. 

Let  B  and  B'  start  from  the  position  shown.  Then,  as  we 
turn  them  through  180°,  we  first  withdraw  the  lines  that  pierce 
them,  and  then  introduce  tines  in  the  opposite  direction.  Hence 
the  E.M.F.  in  each  coil  acts  in  one  direction  through  this  180°  of 
rotation  ;  and  the  coils  are  so  wound  that  the  E.M.F.s  of  B  and 
B'  act  in  one  direction.  Through  the  second  180°  of  rotation  the 
E.M.F.s  are  reversed  ;  but  a  commutator,  described  in  §  4,  main- 
tains the  current  in  a  constant  direction  in  the  external  circuit. 

The  direction  of  current  can  easily  be  predicted  from  Ijeni's 
law  ;  for,  as  B  leaves  the  N  pole  of  the  magnet  and  approaches 
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the  S  iwle,  it  will  acquire  on  the  side  turned  towards  the  magi 
a  S  polarity,  or  ihe  current  will  there  run  '  clock-wise,'  since  t 
will  oppose  the  motion. 

Uy  giving  a  Tapid  motion  and  having  many  turns  of  wiie 
increase  the  a  and  the  m  of  §  x,  or  increase  the  induced  E.MF. 
We  can  thus  get  an  E.M.F.  large  enough  to  give  shocks  and 
small  sparks. 

§  4.  The  Simple  Commatator. — The  figure  here  given  repre- 
sents a  simple  form  of  commutator.  The  one  end  of  the  wire  is 
soldered  to  the  metal  piece  o,  and  the  other  to  o  ;  these  piece 


jKiss  each  nearly  half-way  round  the  axis  J,  but  are  insulated  from 
one  another  by  two  slits,  one  of  which  is  seen  in  the  figure- 
The  axis  itself  is  of  ivory,  ebonite,  or  some  other  insulating 
material.  l"he  circuit  is  completed  by  means  of  the  metal  springs 
6  and  e.  Just  as  the  coils  are  passing  the  position  in  which  their 
E.M.F.s  change  direction,  the  meial  springs  />  and  f  cross  the  two 
slits  and  come  into  contact  each  with  that  metal  piece  {o  or  e) 
that  was  just  before  in  contact  with  the  other  spring.  Thus  the 
external  current  is  maintained  constant  in  direction. 

The  other  metal  piece,  shown  in  the  figure,  is  for  another 
purpose  that  we  need  not  describe. 
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§  5.  Siemens's  Armature. — We  may  here  mention  that  the 
system  of  core  and  coil,  in  which  the  E.M.F,  is  induced,  is  called 
an  armature.  In  order  to  get  the  coil  into  a  powerful  field  close 
to  the  magnets,  Siemens  invented  a  very  compact  form  of  armature. 


In  this  form  the  core  is  a  long  cylinder  of  soft  iron  in  which 
are  two  deep  grooves  cut  longitudinally  on  opposite  sides.  The 
wire  is  then  wound  longitudinally  in  the  grooves.  The  general 
appearance  of  this  armature  is  shown  in  the  figure. 

§  6.  The  Self-Exciting  Principle. — It  soon  occurred  to  makers 
that  electro-magnets  would  give  far  more  powerful  fields  than 
could  be  obtained  from  permanent  steel  magnets.  (We  may  here 
mention  that  the  magnets  giving  the  field  in  which  the  armature 
moves  are  c^Xed  field-magnets.) 

These  electro-magnets  could  be  excited  by  the  whole  or  part 
of  the  current  given  by  the  armature  of  the  machine  itself. 

It  is  found  that  the  (so-called)  soft  iron  cores  of  the  electro- 
magnets always  retain  enough  magnetism  to  give  a  current  in  the 
armature  when  rotated.  This  current,  or  part  of  it,  passing  round  the 
field  magnet  coils,  increases  the  magnetism  of  the  cores,  and  there- 
fore the  strength  of  the  field.  In  consequence  of  this  the  current 
induced  in  the  armatures  becomes  stronger.  The  reciprocal 
action  proceeds  until  the  field-magnets  acquire  some  maximum 
strength  depending  on  various  conditions  not  specified  here. 

Mr.  Ladd  was  the  fiYst  to  construct  a  *  self-exciting '  machine  of 
this  sort.  In  his  machine  there  were  two  armatures  ;  one  served 
to  excite  the  field-magnets,  and  the  other  to  give  the  external 
current. 

§7.  <  Continuous  Current '  Machines.— In  the  machines  de- 
scribed above  we  do  not  obtain  a  continuous  current.  In  the  coils 
there  is  in  one  half-revolution  induced  an  E,M.K  that  begins, 
rises  to  a  maximum,  and  then  ceases  ;  in  the  other  half-revolution 
an  E.M.F  of  similar  rise  and  fall,  but  contrary  to  the  former  in 
direction.  This  gives  in  the  coils  two  currents  in  opposite  direc- 
tions, separated  by  an  instant  of  zero  current  •,  arvd,  \{  iVvex^  V^^  ^^ 
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commutator,  this  gives  in  the  external  circuit  two  currents  for 
each  revolution,  these  currents  being  in  the  same  direction,  each 
rising  to  a  maximum  and  falling  again,  separated  from  each  other 
by  an  instant  of  zero  current. 

For  many  purposes  it  is  desirable  to  have  a  current  more  con- 
tinuous in  nature.  This  can  be  effected  in  more  than  one  wav ; 
we  will  describe  very  briefly  one  of  these  ways,  and  more  at  length 
another. 

(«)  The  first  method  is  to  have  an  armature  in  which  there 
are  more  than  one  pair  of  opposite  coils,  these  pairs  being  arranged 
round  the  circumference  of  a  circle.  Thus  we  may  conceive  of  a 
Clark's  machine  in  which  there  are  four,  six,  eight,  or  more  pairs 
of  coils  ;  each  pair  is  wound  with  one  continuous  wire  whose 
extremities  terminate  in  two  metallic  segments  fixed  to  opposite 
sides  of  the  axle.  All  these  segments  are  insulated  from  one 
another  ;  and  therefore  the  circuit  of  each  pair  of  coils  is  closed 
only  when  they  come  into  contact  with  the  two  metallic  springs  or 
*  brushes '  by  means  of  which  (as  in  the  simple  case  of  §  4)  the 
circuit  is  completed  through  the  external  circuit.  E^ch  pair  of 
coils  thus  feeds  the  external  circuit  in  turn  ;  and,  by  so  arranging 
the  springs  that  they  come  into  contact  with  one  pair  of  segments 
before  they  have  quite  broken  contact  with  the  preceding  pair, 
we  can  insure  that  the  current  will  never  fall  to  zero.  It  is,  how- 
ever, of  an  undulatory  character. 

(/3)  The  second  method  cannot  be  understood  until  some 
description  has  been  given  of  quite  a  different  form  of  armature. 
As  this  method  is  of  great  interest,  we  shall  describe  at  some 
length  one  form  of  machine  that  is  constructed  on  this  principle : 
the  machine,  viz ,  that  is  called  the  Gramme^  after  the  name  of 
its  inventor.  His  armature,  however,  is  not  quite  original  in  con- 
struction, being  similar  to  an  earlier  form,  invented  in  1862  by 
Prof  Pacinotti. 

§  8.  The  *  Gramme.'  Construction  of  Armature. — In  fig.  i. 
we  give  a  general  view  of  a  hand-model  of  the  Gramme  machim. 
Here  we  can  see  the  ring-shaped  armature  turning  between  the 
pole-pieces  a  and  b  of  the  steel  magnet  A  ;  the  arrangements  for 
giving  a  rapid  rotation  to  this  armature  ;  and  the  collecting  springs 
or  brushes  c  and  /,  in  contact  with  the  axle  on  opposite  sides  of  it, 
by  means  of  which  a  current  is  sent  throygh  the  external  circuit. 
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Fig.  ii.  shows  us  the  construction  of  this  armature,   '  There  h 
3.  circular  core  composed  of  soft  iron  wires  ;  these  are  shown  in 


section.  From  the  way  in  which 
the  armature  rotates  these  wires 
do  not  cut  the  lines  of  force  ; 
and  thus  induced  'eddy-currents,' 
a  cause  of  waste  of  energy,  do 
not  occur  as  would  be  the  case  r* 
were  the  core  solid. 

Round  this  core  is  wound 
the  insulated  copper  wire  that 
forms  the  coil  in  which  the 
E.M.F.s  are  induced.  This  wire 
— it  must  be  carefully  noted— (V 
continuous;  and  herein  we  have  '"""- 

a  great  difference  between  this  kind  of  armature  and  that  of 
Clark  or  Siemens.     In  the  upper  part  of  fig.  IL  we  see  this  wire 
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as  it  is  actually  wound  ;  and  in  the  lower  part  of  the  figure  there 
are  shown  a  few  sections  of  the  coil,  to  indicate  the  mode  of 
winding. 

This  wire  is,  as  we  said,  continuous.  But  at  regular  and  close 
intervals  the  wire  is  brought  out,  is  laid  bare  of  insulating  material, 
is  soldered  to  an  insulated  copper  segment  m  n  (a  few  only  of 
these  copper  segments  are  given  in  the  figure),  and  is  then  led 
back  to  continue  the  winding.  From  what  we  have  said  it  is  clear 
that  we  have  a  continuous  wire  with  which  we  can,  by  means  of 
the  insulated  segments  m  //,  &c.,  make  metallic  contact  at  regular 
and  frequent  intervals  all  round  the  ring.  These  segments  are 
arranged  all  round  the  axle,  and  it  is  with  them  that  the  brushes 
of  the  external  circuit  make  contact  In  fig.  ii.  O  represents  the 
solid  body  of  the  axle  ;  it  is  made  of  hard  wood  or  other  insulating 
material,  there  being  an  inner  core  of  metal,  insulated  from  the 
segments  m  «,  to  give  necessary  strength. 

§  9.  The  Gramme.  The  KM.Fji  induced  in  the  Bing.— Let 
us  now  consider  the  condition  of  this  ring-armature,  with  its  con- 
tinuous wire,  when  it  is  rotated  between  the  poles  a  b  oi  the 
magnet ;  and  let  us  at  present  suppose  that  there  are  no  springs 
or  brushes  in  contact  with  the  segments.  Were  it  not  for  the  core, 
the  magnetic  field  would  consist  of  lines  of  force  running  nearly 
straight  across  from  one  pole  piece  to  the  other.  These  lines 
would  pierce  the  coils  of  the  armature,  the  number  piercing  each 
coil  depending  upon  the  position  of  that  coil.  Thus,  a  coil  which 
is  at  the  top  of  the  ring  depicted  in  §  8,  fig.  i.,  or  which  is  situated 
€quatoriall}\  embraces  the  maximum  of  lines,  supposing  the  field 
to  be  uniform.  As  the  ring  turns,  this  coil  embraces  fewer  and 
fewer,  until,  when  it  lies  edgeways  to  the  lines  or  is  situated  'axially,' 
it  embraces  none.  (If  the  field  be  not  uniform  this  statement 
must  be  modified  ;  but,  in  any  case,  the  coil  embraces  zero  lines 
when  situated  axially.)  As  the  ring  turns  still  further,  our  coil 
begins  to  embrace  lines  in  the  other  direction ;  and  these  reach  a 
maximum  when  it  is  at  the  bottom  of  the  ring,  i.e,  when  it  is  again 
situated  equatorially,  180°  from  its  initial  position.  All  this  will 
give  an  induced  E.M.F.  in  one  direction,  as  has  been  already  ex- 
plained in  Chapter  XXII.  §  4,  and  elsewhere.  As  the  coil  turns, 
through  the  other  180°  back  to  its  initial  position,  there  will,  it  is 
clear,  be  induced  an  E.M.F.  in  the  opposite  direction. 
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Thus,  as  the  ring  rotates,  all  the  coils  that  are  to  the  one  side 
-of  the  equatorial  diameter  give  an  E.M.F.  in  the  one  direction, 
^nd  all  those  lyhig  to  the  other  side  give  an  equal  E.M.F.  in  the 
opposite  direction.  The  result  will  be  that  no  current  will  flow, 
but  that  the  different  parts  of  the  wire,  and  so  also  the  copper 
segments  connected  with  them,  respectively,  will  be  maintained  at 
different  potentials.     Thus,  in  the  figure  here  given  we  shall  have 


Fig.  L 


Fig.  ii. 


the  wire  at  A  and  B,  i.e,  at  the  extremities  of  the  equatorial  dia- 
meter, maintained  at  the  greatest  -^V,  the  potential  falling  from 
(say)  A  symmetrically  along  the  wire,  through  each  route,  down  to  B. 

Thus,  though  the  individual  coils  assume  all  positions  in  turn, 
the  ring,  as  a  whole^  maintains  a  character  thatds  constant  as  long 
as  there  is  constant  field-strength  and  velocity  of  rotation.  The 
revolving  ring  has  been  not  inaptly  compared  to  a  stationary 
system  of  two  equal  batteries  {see  fig.  ii.)  set  against  one  another  ; 
these  batteries  giving  no  current  in  their  circuit,  but  maintaining 
the  poles  A  and  B  at  a  constant  -iV.  We  can  evidently  obtain  a 
current  in  an  external  circuit  by  connecting  A  and  B. 

The  core. — We  have  hardlv  mentioned  the  core  in  what  we 
have  said.  The  fact  is  that  the  core  only  modifies  the  field  ;  its 
presence  does  not  affect  the  general  theory  of  the  ring  as  given 
above.  Its  action  is  mainly  to  concentrate  the  field  upon  the 
coils.    The  lines  of  force  dannot  now,  to  any  considerable  extent, 
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get  across  the  space  inside  the  ring ;  they  follow  the  core  dtm^ 
the  coils.  The  presence  of  the  core  does  not  affect  the  ^roloam 
facts:  (i)  that  when  the  coils  lie  axially  they  cut  no  lines  of  force; 
and  (2)  that  the  change  in  direction  of  the  E.M.F.  occurs  as  the 
coils  pass  the  equatorial  position. 

It  is  found  that  the  soft  iron  wire  changes  its  magnetism  in 
a  time  that  is  practically  inappreciable ;  and  hence  we  can,  if  we 
like,  regard  the  core  as  stationary,  and  the  coils  as  slij^ing  round 
upon  it 

(For  a  modification  of  the  sense  in  which  aociattyzxA  equaUm- 
ally  must  be  used  when  a  current  is  running,  see  §  12.) 

§  10.  The  Gramme.  The  Collecting  Bmih68.-^As  b  the 
analogous  case  of  the  two  opposed  batteries,  represented  in  §  9^ 
fig.  ii.,  so,  in  the  case  of  the  gramme-iing  represented  in  fig.  1.,  we 
can  obtain  a  current  if  we  connect  the  psirts  A  and  B. 

We  have  explained  m  §  8  how  the  wire  that  fcHtas^e  oo3  is^ 
at  a  series  of  points  all  roimd  the  ring,  connected  with  insi^Ued 
copper  segments  that  are  fixed  in  the  axis  on  which  the  ring  tmns^ 
If,  then,  there  be  metallic  springs  or  brushes  formed  of  wire,  ]»es&- 
ing  against  the  axis  at  the  extremities  of  the  equatorial  diameter 
of  the  same,  these  will  practically  be  in  contact  with  each  segment 
of  the  wire  coil  in  turn  as  it  arrives  at  the  positions  A  or  B.  In 
the  Gramme  machine  these  collectors  are  brushes  of  metallic  wire. 
However  great  the  speed  of  revolution,  these  brushes  will  never 
be  jerked  away  from  contact,  as  might  a  single  spring ;  and  with 
them  it  is  easier  to  have  contact  always  with  two  consecutive  seg- 
ments at  once,  and  thus  insure  a  current  that  is  continuous,  even 
though  undulatory.  The  wires  of  the  external  circuit  are,  of 
course,  attached  to  these  collectors.  The  two  halves  of  the  ring 
then  combine,  as  would  the  two  batteries  acting  '  parallel,'  to  send 
a  current  through  the  external  circuit. 

§  1 1.  Curve  of  Potential  Round  the  Collecting  Axis. — Let  us 
suppose  the  brushes  to  be  detached,  and  the  potential  at  different 
positions  round  the  axis  to  be  examined.  This  may  be  done  by 
employing  a  quadrant  electrometer,  of  which  one  pair  of  quadrants 
are  to  earth,  and  the  other  pair  connected  with  an  insulated  wire 
brush  ;  this  brush  is  applied  to  the  axis  at  different  points  in  suc- 
cession. 

We  find  a  fall  or  rise  in  potential  from  segment  to  segment 


.   xxni.  DYNAMO-ELECTRIC   MACHINES  393 


\ 


iwe  move  from  A  to  B  or  from  B  to  A ;  this  fall,  in  properly 
^Constructed  machines,  occurring  symmetrically  down  both  halves 
^^f  the  axis. 

This  fall  in  potential  is,  of  course,  discontinuous,  since  the 
^^gments  are  limited  in  number.    But  when  the  segments  are  very 
Numerous  the  fall  in  potential  round  the  col- 
lecting axis  can  be  represented  approximately 
^y  a  continuous  curve. 

In  the  accompanying  diagram,  the  shaded  /  ^miiiMiiiniMwiu  ; 
circle  represents  a  section  of  the  axis ;  the  dark  * 
dots  on  this  circle  represent  sections  of  the  in- 
sulated copper  segments ;  and  the  larger  dotted 
curve  represents  the  fall  in  potential  from 
the  upper  extremity  A  of  the  equatorial  diameter,  both  ways, 
round  to  the  lower  extremity  B  of  the  same.  If  we  draw  a 
radius  from  the  centre  of  the  axis,  through  the  dot  representing 
any  particular  segment,  to  meet  the  outer  curve,  then  the  inter- 
cept between  this  dot  and  the  outer  curve  represents  in  magni- 
tude the  relative  potential  of  the  segment  in  question.  (This 
will  indicate  to  the  reader  how  the  outer  *  curve  of  potential '  is 
plotted  out.) 

In  a  good  machine  this  fall  of  potential  should  be  regular 
The  brushes  should  be  in  contact  with  the  axis  at  the  points  of 
maximum  and  minimum  potential  respectively.      We  shall  find, 
however,  that,  as  soon  as  a  current  runs,  these  positions  of  maxi- 
mum and  minimum  potential  shift  round  the  axis. 

§  12.  The  <  Lead '  that  Occurs  when  a  Current  is  Bunning. — 
Firsts  let  us  suppose  that  the  ring  is  revolving,  but  that,  the 
external  circuit  being  not  yet  completed,  there  is  no  current 
flowing.  The  two  halves  of  the  ring  act  merely  to  maintain  two 
points,  e,g,  A  and  B,  at  a  certain  maximum  AV.  If  the  lines  of 
force  (see  §  9,  fig.  i.)  run  straight  across  in  what  we  have  called  an 
axt'a/  direction,  then  A  and  B  will  lie  equatorially  as  shown.  If, 
however,  the  core  of  the  ring  take  an  appreciable  time  to  gain 
and  lose  its  magnetism,  the  lines  of  force,  and  so  also  the  line 
A  B  joining  the  points  of  maximum  AV,  will  be  shifted  round 
to  a  greater  or  less  extent  This  question  can  be  tested  directly 
by  experiment.  A  brush  makes  contact  with  the  axis  at  different 
points  in  succession  round  its  circumference.     An  insulated  wire 
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connects  this  brush  with  one  pair  of  quadrants  of  an  electrometer,'] 
the  other  pair  of  quadrants  being  to  earth.  It  is  stated  that  when- 
the  positions  A  and  B  of  maximum  and  minimum  potential  se 
thus  tested,  the  line  AB  is  found  to  be  practically  equatorial,  or 
lies  at  right  angles  to  the  line  joining  the  poles  of  the  field-magnets^ 
whatever  be  the  speed  of  revolution  of  the  ring.  Hence  n 
conclude  that  the  core  of  the  ring  does  not  take  any  appreciable 
time  to  change  its  magnetism  as  it  rotates. 

This  view  is  supported  by  S.  P.  Thompson  and  others ;  bat  there 
are  some  who  are  not  satisfied  of  its  truth. 

Secondly^  let  us  suppose  that  the  brushes  are  attached  and  that 
an  external  current  is  running.  If  the  direction  of  the  current  be 
followed,  according  to  the  principles  explained  in  Chapter  XXI.,  it 
will  be  seen  that  (see  §  9,  fig.  i.)  the  currents  in  the  two  halves 
of  the  ring  both  act  to  make  the  core  of  a  N  polarity  at  B, 
and  of  a  S  polarity  at  A.  Now  the  field-magnets  tend  to 
make  the  core  of  a  N  polarity  at  N'  opposite  to  S,  and  of  a 
S  polarity  at  S'  opposite  to  N.  Hence,  on  the  whole  the  core 
will  acquire  a  N  polarity  at  some  point  between  N'  and  B,  and  a 
S  polarity  at  some  point  between  S'  and  A,  opposite  to  the  former. 
The  effect  will  be  as  if  the  polarity  of  the  core  were  shifted  on  in 
the  direction  of  movement  of  the  ring.  Hence  the  line  A  B,  of 
the  points  of  highest  and  lowest  potential,  will  also  be  shifted  on 
through  an  equal  angle.  And  therefore  the  brushes  must  also  be 
shifted  on. 

This  shifting  on  of  the  brushes  in  the  direction  of  rotation  is 
called  ^  Lead.^ 

According  to  the  above  view,  which  is  supported  by  experi- 
ments on  the  part  of  S.  P.  Thompson  and  others,  the  amount  of 
lead  depends  upon  the  ratio  between  the  field-strength  due  to  the 
field-magnets,  and  the  inductive  action  upon  the  core  of  the  current 
in  the  ring.  It  does  not  depend  upon  velocity  of  rotation,  provided 
that  the  current  is  constant  ;  whereas,  were  ^  lead^  due  to  residual 
magnetism  in  the  core,  the  amount  of  this  lead  would  depend 
upon  the  velocity  of  rotation  though  the  current  were  constant 

§  13.  Armatures  Wound  'for  E.M.F.'  and  'for  Current*— 
As  with  batteries,  so  with  armatures  ;  we  can  construct  them  either 
to  give  a  high  E.M.F.,  regardless  of  the  resistance  thereby  un- 
avoidably introduced,  or  to  give  a  low  resistance,  thereby  sacri- 
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E.M.F.     All  depends  upon  the  nature  of  the  external 
it  {see  Chapter  XIII.  §§  6  and  13). 
^^  For  high  E.M.F.  we  must  have  many  turns  of  wire  ;   and 
fore  it  must  be  long  and  fine,  or  of  high  resistance. 
For  low  internal  resistance  we  must  have  few  turns,  and  thick 

Having  few  turns,  we  have  low  E.M.F.  {see  §  2). 
Sometimes  there  are  on  the  same  ring,  or  on  parallel  rings, 
coils,  these  being  capable  of  being  joined  either  in  series  or 
parallel  circuit. 

§  14.  The  Siemens-Alteneck  Armature. — As  we  have  stated  in 

lapter  XXI.  §  8,  the  origin  of  the  induced  E.M.F.  must  doubtless 

sought  for  in  the  cutting  of  the  lines  of  force  by  the  wire  of 

coil.     Now  since,  as  can  be  experimentally  shown,  there  are 

•dly  any  lines  of  force  that  find  their  way  across  the  inside  of 

ring,  it  follows  that  the  wire  lying  on  the  inside  of  the  ring  is 

apnot  cutting  any  lines,  and  is  therefore  passive  as  regards  the  pro- 

:?^ctiveness  of  an  E,M,K     It  is  simply  a  dead  resistance.     In 

^*;5he  Siemens-Alteneck  machine  a  drum  replaces  the  ring,  and  the 

lrire  is  wound  over  this,  there  being  therefore  no  wire,  saving  at 

the  ends  of  the  drum,  that  does  not  cut  lines  of  force.    The  long 

jshape  of  tl\e  drum  further  renders  smaller  the  proportion  of  the 

^    idle  wire  at  the  ends. 

§  15.  The  Brush  Machine. — On  a  very  different  principle  is 
constructed  the  *  Brush '  machine  ]  the  name  being  after  that  of 
^  the  inventors.  The  theory  of  this  machine  is  so  complicated  that 
we  cannot  give  it  here  clearly  and  yet  briefly.  We  therefore  refer 
the  reader  to  S  P.  Thompson's  work  on  *  Dynamo- Electric  Ma- 
chinery '  (Spon  &  Co.,  London). 

This  machine  gives  very  high  E.M.F. s,  and  is  therefore  used 
where  such  are  required. 

§  16.  Magneto  Machines. — We  will  now  discuss  very  briefly 
the  four  most  important  types  of  machines,  beginning  with  the 
*  magneto  machine^  as  the  oldest  and  simplest  form.  The  accom- 
~  panying  figure  represents  diagrammatically  the  typical  *  magneto.* 
:^  In  this  form,  of  which  the  machine  shown  in  fig.  i.  of  §  8  was  an 
example,  the  field  is  given  by  a  permanent  steel  magnet  Such 
fields  are  very  constant,  and  therefore  the  E.M.F.  of  the  current 
will  vary  simply  with  the  velocity  of  rotation.  For  purposes  of 
demonstration  and  explanation  of  the  theory  of  dynamos,  such  a 
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property  is  very  useful.     Hence  the  magneto  is  much  us 
teaching  purposes.     The  same  property,  coupled  with  th 

regulation  of  the  field  by 
of  a  keeper  (see  §  3),  mak 
magneto  useful  also  for  n 
purposes.  But  in  the  ar 
in  commercial  undertaki 
is  never  used,  as  being  rel 
feeble  for  its  mass  as  con 
with  any  of  the  electro -n 
forms. 

Magnetos   cannot   be 
with  certainty  to  be  of  the 
E.  M.  F.    We  can  therefore  < 
them  in  series  only,  such  a 
of  magnetos  acting  like  or 
chine  of  the  sum  of  their  ^. 
and  of  the  sum  of  their 
ances.     We  cannot  couple 
parallel,  or  *  for  current,'  f 
machine  of  lower  E,M,K 
serve  only  as   a   branch 
through  which  the  other  m 
was  driving  a  current.     It 
act  as  a  *  motor'  {see  Chapter  XXIV.)  and  not  as  a  driver  of  c 
We  may  add  that  when  a  magneto  is  run  at  constant 
its  E.M.F,  is  constant.     Hence,  in  calculations  we  may  de 
such  as  if  they  were  voltaic  batteries  of  constant  E.M.F, 

§  17.  Sepaxately-Excited  Machines. — When  the  field-n 
are  electro-magnets^  excited  by  a  current  from  an  indep 
source,  we  have  what  is  called  a  separately -excited  machine. 
form  differs  very  little  in  principle  from  a  magneto^  but  tl 
is  much  stronger,  and  we  can  vary  its  strength  within  vei 
limits.  Hence  we  have  great  control  over  the  E.M.F. 
Such  machines  can  be  used  in  series  or  in  parallel  circi 
An  obvious  disadvantage  of  this  form  is  that  we  re( 
separate  source  of  current.  Neither  the  magneto  nor  th< 
rately-excited  machine  can  be  constructed  so  as  to  be  sel 
lating,  whereas  we  shall  see  that  some  other  forms  can 
constructed,  these  (orm^  be\T\^  coycv\)owxv^. 
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§  1 8.  Series-Excited  Machines.— In  some  machines,  as  was 
■Sled  at  the  end  of  §  6,  the  current  from  the  armature  is  led  first 
and  the  field-magnets  and 
an  round  the  external  circuit. 
machine  thus  constructed 
^called  a  series  dynamo, 
'  Let  us  suppose  that  in 
<ch  a  machine  the  external 
rxuit  is  completed,  and  that 
mt  armature  is  then  run  at 
certain  velocity.  There  will 
S  initially  a  weak  field,  due 
»  the  residual  magnetism  in 
Kde  cores  of  the  field-magnets. 
Qd  this  will  give  a  slight 
*itial  current  in  the  armature. 
"*his  current,  passing  through 
ne  coils  of  the  field- magnets, 
HU  make  the  field  stronger; 
liis  will  induce  a  stronger 
-urrent  in  the  armature,  and 
o  on  until  some  final,  limiting 
»alue  is  attained.  This  limit- 
Jig  value  of  the  current  de- 
^nds  upon 

(i.)  The  construction  and  resistance  of  the  armature,  and  upon 
ts  core. 

(ii.)  The  construction  and  resistance  of  the  field-magnet  coils, 
md  upon  their  cores. 

(iii.)  The  velocity  of  rotation  of  the  armature. 

(iv.)  The  resistance  of  the  external  circuit. 

Let  us  suppose  that  the  resistance  of  the  external  circuit  be 
ncreased.  This  will,  of  course,  produce  directly  a  decrease  of 
:urrent,  and  this  in  turn  will  weaken  the  field  and  cause  a  further 
iecrease.  Finally,  the  current  will  settle  down  to  some  new  value 
iepending  upon  the  new  conditions. 

In  the  case,  therefore,  of  a  series-dynamo y  any  change  in  the 
external  resistance  produces  a  greater  change  in  the  current  than 
«rould  be  the  case  with  a  magneto  or  separately-excited  machine, 
[t  is  very  [sensitive '  to  variations  in  exteri\a\  te^\^\.axvc^. 
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If  the  object  be  to  drive  a  constant  current,  wlialei 
external  resistance,  the  series-dynamo  must  certainly  ttolbt 
for  (since  the  E.M.F.  depends  upon  the  current)  the  KM. 
just  when  it  should  become  greater  in  order  to  drive  the  ■ 
against  an  increased  resistance,  and  rises  just  when,  o\ 
decreased  resistance,  a  smaller  E.M.F.  is  desired. 

The  series  dynamo  is  particularly  suited  to  such  cases 
of  Chapter  XXV.  §  i8,  where  there  is  an  external  circui[  c 
parallel  branches,  of  which  ihere  may  be  at  one  lime  m 
at  another  time  only  one  in  use,  and  where  it  is  desired  ' 
the  current  through  any  one  branch  constant,  whether  th. 
be  in  use  or  not.  tor  such  a  purpose  we  must  have  a 
that  is  greater  or  less  according  as  there  are  more  or  fewe 
branches  in  use.  Now  we  know,  by  Chapter  XIII.  §  5, 
y^  more    branches   there 

mmij^  use  the  smaller  is  t 

resistance.  And  we  h- 
that  the  series-dynaw 
than  any  other  form 
chine,  will  respond 
creased  resistance  by 
of  current  In  such 
rangement,  therefore 
respond    to    demand 

§  19.  Sbnnt-Dyn 
In  a  very  important 
machines  there  are  f 
native  paths  for  the 
to  pursue  when  it  \t 
collecting  brushes, 
path  is  through  the 
the  field -magnets,  w 
made  long  and  of 
high  resistance ;  the  o 
is  through  the  exte 
cuit.  If  there  be  in 
into  the  external  circuit  more  resistance  or  an  opposed 
this  will   throw  a   larger  proportion   of  the  current    re 
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-magnet,  and  will  increase  the  E.M.F.  of  the  machine, 
ce,  this  tnethod  of  construction  is  particularly  suited  to 
where  it  is  desired  to  keep  a  constant  current  under  varia- 
in  the  external  circuit:  for  the  E.M.F.  of  the  machine  rises 
opposition  in  the  external  circuit  increases,  and  falls  as  it  de- 
^^^a.ses.  Such  a  machine  is  suited  to  the  case  of,  e.^,^  electric 
*^ticips  arranged  /;/  series^  where  it  is  desired  to  maintain  a  constant 
^^rrent,  no  matter  whether  one  or  more  lamps  be  thrown  in.  It 
»  entirely  unsuited  to  the  demands  of  the  case  mentioned  in  §  i8, 
^iz.  that  of  an  external  circuit  composed  of  many  parallel  branches. 
■^''hie  converse  is  true  of  the  series- dynamo. 

§  20.  Other  Methods  of  Winding.— In  §§  18  and  19  we  have 

-^^dicated  for  what  purposes  the  series-,  and  shunt-,  dynamos  are 

•Respectively  adapted      It  is  found,  however,  that  neither  the  one 

^or  the  other  give  with  sufficient  exactness  the  result  demanded. 

•It  is  found  necessary  to  combine  different  methods  of  winding. 

'in  some  machines  we  have  a  combination  of  series-excUaiion  with 

^parate-excitation  \  in  some,  series  with  shunt  \  in  others  again, 

*^i/«/with  separate  \  and  so  on.     The  choice  of  method  of  winding 

is  determined  by  the  nature  of  the  work  that  the  machine  is  desired 

to  perform,  and  upon  the  sort  of  *  constancy '  that  is  demanded  of  it. 

§  21.  Alternate  Current  Machines. — For  certain  purposes, 

■^  chiefly  for  electric  lighting  (see  Chapter  XXV.),  it  is  not  necessary, 

nor  even  advisable,  to  obtain  currents  that  flow  in  a  constant 

direction.      Machines  that  give  alternating  currents  are  called 

^    alternate  current  machines. 

If  in  the  Clark  or  Siemens's  armature  {see  §§  3  and  5)  there  be 
on  the  axis  two  metallic  rings,  insulated  from  one  another,  with 
which  the  collecting  springs  are  continually  in  contact,  and  if  the 
two  ends  of  the  armature  coil  be  soldered  to  these  respectively, 
then  we  shall  have  in  the  external  circuit  the  same  alternating 
currents  that  occur  in  the  armature. 

In  fact,  it  may  be  stated  as  a  general  principle  that  in  most 
machines,  excepting  always  those  in  which  the  armature  is  con- 
structed on  the  same  principle  as  is  the  Gramme  armature,  the 
induced  currents  are  naturally  alternate,  and  require  the  addition 
of  a  commutator  if  it  be  desired  to  obtain  in  the  external  circuit 
currents  in  one  constant  direction.  As  a  rule,  such  commutation 
introduces  waste  of  energy  from  extra-currents  and  sparks  produced. 
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It  may  also  be  staled,  as  generally  true,  that  it  is  eisiei  B 
coiiatrucl  alternate  current  machines  which  shall  give  averyli 
RM.F,  than  it  is  to  construct  machines  which  shall  give  a 
of  high  E.M.F.  in  a  constant  direction. 

The  accompanying  figure  illustrates  Xhs  primipU  of  motetliaW 
one  form  of  alternate  current  machines.  A  series  of  coils  prafiM* 
with  soft  iron  cores  is  arranged  on  the  circumference  of  a  vfhd,  1 


their  axes  being  parallel  to  the  ax  s  of  rotat  on     Three  of  these 
coils  are  diagrammatical  ly  represented  n  the  figure 

These  coils  rotate  between  the  opposed  poles  of  a  series  o 
electro- magnets,  arranged  round  the  circumferences  of  two  other 
wheels,  as  indicated  in  the  figure.  The  large  dotted  arrow  repre- 
sents the  direction  in  which  the  circle  of  coils  is  rotating.  The 
small  arrows  show  the  direction  in  which  the  current  flows  in 
each  as  it  leaves  the  one  pair  of  electro- magnets  and  approaches 
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the  next  pair.  When  the  coils  pass  the  next  pairs  of  electro- 
magnets respectively,  the  current  in  each  is  reversed.  The  method 
of  winding  is  such  that  the  E,M,F.s  of  the  coils  act  in  one  and 
the  same  direction  along  the  wire.  The  final  terminals  of  the  wire 
are  soldered  to  two  insulated  rings  on  the  axis,  against  which  the 
two  collectors  are  pressed  respectively.  (Sometimes  the  current 
from  a  few  coils  is  *  commutated,'  and  is  used  to  excite  the  field- 
magnets  ;  in  such  a  case  we  have  practically  two  machines  in  one.) 

§  22.  The  Ferranti  Alternate  Current  Machine. 

Tn  this  machine  the  armature  is  composed  of  flat  *  strip '  copper 

arranged  in  folds,  so  as  to  present  an  appearance  somewhat  similar  to 

that  of  a  star-fish. 

Here  we  have  no  iron  cores  ;  but,  owing  to  the  extreme  thinness 

of  this  flat,  star-shaped  armature,  the  two  sets  of  field-magnets  can  be 

placed  so  close  to  one  another  that  the  field  cut  by  the  copper-strip  of 

the  armature  is  exceedingly  strong. 

,  Neither  have  we,  in  a  strict  sense,  any  *  coils  ; '  the  copper-strip 
.1>idng  arranged  in  open  folds.  Hence  we  cannot  here  use  the  expres- 
l^mon  alteration  in  number  of  lines  of  force  embraced  by  the  coils.  We 
K  must  fall  back  upon  the  principle  that,  as  we  have  already  stated, 
r  Underlies  the  above-quoted  condition  for  induction  ;  this  more  funda- 
['  mental  principle  being  that  there  is  an  E,M,F,  induced  in  any  con- 
i  ,  liactor  when  it  cuts  lines  of  force. 

*  "  In  the  present  case  things  are  so  arranged  that  the  E.M.F.s^  in- 
\  diiced  in  the  several  folds  that  are  cutting  lines  of  force,  act  in  one  and 
' ;•    the  same  direction.    These  E.M.F.s  alternate  in  direction  as  each  fold 

approaches  a  pair  of  field-magnets,  and  leaves  the  same,  respectively. 

.9 
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CHAPTER  XXIV. 

DYNAMOS   AND   MOTORS. 

§  I.  Magnetos,  or  Separately-Excited  Machines,  as  Motors.— 

Let  us  consider  what  will  happen  if  a  current  from  an  external 
source  be  run  through  the  armature  of  any  machine  in  which  the 
magnetic  field  is  constant,  i,e,  through  the  armature  of  a  magneto 
or  of  a  separately-excited  machine. 

A  reference  to  the  figures  of  Chapter  XXIII.  §§  3,  5,  8,  and  9, 
shows  us  that  action  will  take  place  between  the  field- magnets 
on  the  one  hand,  and  the  armatures  (mainly  the  iron  cores  of  these) 
on  the  other ;  this  reaction  causing  rotation  of  the  armatures, 
since  they  only  are  moveable. 

Either  by  tracing  carefully  the  direction  of  polarity  given  in 
each  case  to  the  armature  by  the  external  current,  or  by  the  ap- 
plication of  the  arguments  given  in  Chapter  XXI.  §  6,  and 
summed  up  in  Lenz^s  law,  we  can  see  that  the  rotation  will  be  of 
such  a  nature  that  an  E.M.F.  is  induced  in  the  armature  opposed 
to  the  E.M.F.  of  the  external  current.  If  the  armature  move  with 
little  friction,  and  be  not  constrained  to  do  any  work  in  turning, 
it  will  move  faster  and  faster  as  the  action  continues. .  The  faster 
it  rotates  the  greater  will  be  the  induced  E.M.F.  opposed  to  the 
exciting  current,  and  the  smaller  will  this  current  consequently 
become.  The  limit  of  velocity  possible  is  reached  when  the  in- 
duced E.M.F.  equals  that  of  the  exciting  current,  so  that  this  is 
reduced  to  zero  ;  this  limit  can  never  be  reached  in  practice 
owing  to  friction.  If  the  exciting  current  be  reversed  in  direction, 
so  will  the  rotation.  A  dynamo  thus  caused  to  turn  by  the 
passage  of  an  external  current  through  its  armature  is  called  an 
electro-motor.  Any  dynamo  can  be  employed  as  a  motor,  but  as 
a  rule  the  best  form  for  a  motor  is  not  the  same  as  the  best  form 
for  a  driver  of  current. 

Two  ^  magjietos^  coupled, — If  we  connect  the  terminals  of  two 
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magnetos,  such  as  the  Grammes  drawn  in  §  8,  and  if  one  machine 

fce  worked,  the  other  will  turn  also  in  consequence  of  the  current 

<iriven  through  its  armature..    TKe  two  machines  will  act,  at  least 

as  regards  direction  of  rotation,  as  would  two  wheels  connected  by 

an  endless  strap  passing  round  them.     A  galvanometer  in  the 

circuit  will  indicate  the  changes  in  the  current  that  ensue  when 

that  machine  which  is  for  the  time  acting  as  motor  is  held  fast, 

allowed  to  turn  slowly  against  friction,  or  allowed  to  run  freely, 

respectively.     [Compare  with  §  4.] 

Magneto  and  secondary  cell, — If  we  connect  a  Gramme,  or 
other  magneto,  with  a  Faure's  'accumulator'  or  'storage  ceir  an 
interesting  experiment  may  be  tried.  Let  us  charge  the  cell  by 
means  of  the  machine,  and  let  us  then  leave  off  turning  this  latter. 
The  Faure's  cell  will  now  drive  a  current  reverse  in  direction 
to  that  by  which  it  was  charged.  This  will  pass  through  the 
Gramme,  and  will  cause  it  to  turn  as  a  motor ;  the  direction  of 
rotation  being,  of  course,  such  as  to  oppose  the  current  from  the 
Faure's  cell.  Now  such  a  direction  of  rotation  must  be  the  same 
as  that  in  which  the  Gramme  turned  when  it  was  charging  the 
cell.  Or  we  shall  see  the  Gramme,  acting  now  as  a  motor,  con- 
tinuing to  turn  in  the  same  direction  as  that  in  which  it  was 
turned  when  it  acted  as  a  driver  of  current. 

§  2.  Series-Dynamos  as  Motors. — Inasmuch  as  the  magnetic 
field  in  the  series-dynamo  changes  sign  when  the  current  through 
the  armature  does  so — [for  the  field-magnets  are  here  in  one 
circuit  with  the  armature] — it  follows  that  a  series-dynamo  when 
driven  as  a  motor  will  turn  in  one  direction  only.  We  can  readily 
determine  whether  this  direction  will  be  with  the  brushes — i.e.  in 
the  direction  in  which  the  machine  is  intended  to  turn,  that  in 
which  the  segments  on  the  axis  do  not  meet  the  points  of  the  col- 
lecting brushes  ;  or  whether  the  direction  will  be  against  the 
brushes — i,e,  such  that  the  segments  on  the  axis  meet  the  points  of 
the  brushes.  Imagine  the  machine  to  be  turning  with  the 
brushes  as  a  driver  of  current,  and  now  imagine  an  external  cur- 
rent to  be  driven  through  the  machine  contrary  in  direction  to 
that  which  was  driven  by  the  machine.  Were  the  field  constant 
in  direction,  the  machine  would  turn  in  the  same  direction  as 
before,  since  such  rotation  would  oppose  the  external  exciting 
current    But  the  field  is  reversed  by  this  reverse  exciting  current. 
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Hence  the  dynamo,  acting  now  as  a  motor,  will  be  driven  inij 
reverse  direction  against  the  brushes.     If  we  reverse  the  eida|l^ 
current,  we  reverse  the  current  in  the  armature  and  also  the  fidd;} 
and  hence  the  machine  runs  still  in  the  same  direction,  Lt,  againtj 
the  brushes. 

Similar  remarks  apply  to  the  shunt-dynamo  when  used  as  a 
motor. 

§  3.  General  Remarks  on  Dynamos  and  Motors.— In  wbat 

follows  we  shall  speak  of  that  machine  which  is  driving  the  cuneflt 
as  the  dynamOy  and  that  which  is  being  driven  by  the  current  8 
the  electro-motor  or  motor.  This  latter  is  generally  of  a  difierai 
construction  from  the  former,  though  not  differing  in  prindpk. 
We  shall  use  the  following  symbols.  E  =:  the  E.M.F.  of  the 
dynamo  ;  e  =  the  reverse  E.M.F.  induced  in  the  motor  when  this 
is  turned  ;  C  =  the  current  in  the  circuit  ;  R  the  resistance  of 
this  whole  circuit,  including  the  armatures  of  both  dynamo  and 
motor ;  Co  the  current  that  runs  when  the  motor  is  not  allowed 
to  turn,  or  when  e  is  zero. 

By  Ohm^s  law  it  follows  that  Q  =  \,  while  C  =  -5^ 

To  give  the  above  symbols  a  clear  meaning,  and  to  simplily 
the  reasoning  that  will  follow  in  §§  4  and  5,  we  shall,  unless  the 
contrary  be  stated,  assume 

(i.)  That  the  dynamo  and  motor  are  both  either  magnetos  or 
separately- excited  machines,  so  that  in  both  of  them  the  E.M.F. 
depends  solely  on  the  velocity  of  rotation  of  the  armatures. 

(ii.)  That  in  the  simple  {i.e,  not  branched  nor  shunted)  circuit 
composed  of  the  two  armatures  and  the  external  connecting  wires, 
R  is  constant ;  the  speed  of  rotation  not  affecting  appreciaibly  the 
resistance  occurring  where  the  brushes  make  contact  with  the 
segments  on  the  axes. 

(iii.)  That  the  speed  of  rotation  of  the  driving  dynamo,  and 
tlierefore  (since  we  have  assumed  its  field  to  be  constant)  the 
driving  E.M.F.  E,  is  constant. 

When  the  driver  is  a  series-dynamo,  matters  are  not  so  simpk. 
As  the  reverse  E.M.F.  of  the  motor  increases  in  magnitude  the 
current  falls  off,  and,  therefore,  so  will  the  field  and  E.M.F.  d 
the  driver.     Any  accidental  retardation  in  the  dynamo  may  non 
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lower  E  that  it  becomes  less  than  e.     The  current  will  in  such 
erase  be  reversed,  and  so  will  the  field  and  E.M.F,  E  of  the 
namo.      Thus,  when  a  series-dynamo  is  used  as  driver,  not 
ly  are  calculations  less  simple  on  account  of  the  variability  of 
but  also  we  may  have  to  encounter  sudden  reversals  of  action. 
In  practice  such  reversals  can  be  obviated  by  means  of  pieces 
apparatus  that  interfere   automatically  to   set   matters  right 
•i^henever  the  current  begins  to  be  reversed. 

With  a  shunt-dynamo  matters  are  still  more  complex.  For 
we  have  to  consider  not  only  the  changes  in  E,  but  also  the 
Oomplex  nature  of  R  due  to  the  branched  circuit  that  is  open  to 
the  current. 

Hence,  as  stated  above,  we  shall  keep  to  the  simple  case  where 
Q3rnscmos  and  motors  both  have  constant  fields. 

Referring  to  Chapter  XV.  §  9,  mutatis  mutandis^  it  is  plain 
%ihat  the  following  statements  are  true. 

TE  C  =  work     per    second,    or    activity,    expended    on    the 

dynamo. 
eQ-=  work    per    second,    or  activity,    expended  against    the 

reverse  E.M.F.  of  the  motor. 
(E  —  ^)  C  =  C^  R  =  work  per  second,  or  activity,  expended  in 

developing  heat  in  the  circuit. 

§  4.  Formula  for  Activity,  &c.  Maximum  Activity.— I.et  us 
suppose  that  a  dynamo  of  a  constant  E.M.F.  E  is  driving  a  motor, 
and  let  the  symbols  have  the  same  meaning  as  in  §  3.  Instead  of 
work  per  second  we  shall  use  the  proper  expression,  activity.  If  E 
and  e  be  given  in  volts^  and  R  in  ohms^  then  the  activity  is  given 
in  watts.  We  refer  the  reader  to  Chapter  XV.  §§  2  and  3  for  the 
relations  between  watts,  ergs  per  second,  and  English  horse-power. 

The  steam-engine  expends  a  certain  activity  on  the  dynamo. 
In  practice  a  small  portion  of  this  has  its  equivalent  in  heat 
evolved  per  second  owing  to  friction.  We  shall,  however,  dis- 
regard this  at  present,  and  shall  assume  that  it  has  its  equivalent 
entirely  in  the  electrical  activity  E  C. 

We  may,  as  we  did  before  in  the  case  of  a  voltaic  battery,  think  of 
our  dynamo  as  a  machine  in  which  the  electricity  is  pumped  up  through 
a  certain  aV  measured  by  E,  and  thus  acquires  potential  energy,  in 
the  voltaic  cell  we  expended  chemical  energy  in  order  to  gain  this 
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electrical  energy  ;  in  the  case  of  the  dynamo  it  is  mechanical  eneig' 
that  is  so  expended. 

This  activity  E  C  is  again  transformed  ;  it  appears  as  {a)  heat- 

activity  measured  by  (E  —  e)  C,  or  C^R,  since  C  =  ,  to- 

i\. 

gather  with  (d)  the  activity  e  C  expended  against  the  reverse  KM.F. 

of  the  motor. 

This  division  of  the  expended  activity  E  C  is  the  only  one 
which  would  agree  with  Joule's  law,  and  with  the  fact  that  to 
drive  a  current  C  against  an  E.M.F.  e  must  require  activity  to  Ac 
amount  of  ^  C  ;  conservation  of  energy  being  also  satisfied 

From  the  nature  of  an  electro-motor  it  is  clear  that  the  activity 
e  C  can  only  appear  as  mechanical  activity  ;  either  kinetic  energy 
gained  per  second,  or  work  done  per  second  against  some  force: 
We  here  neglect /ric/ion  in  the  motor. 

Now  let  us  consider  what  will  happen  if  we  start  with  the  motor 
at  rest,  and  let  it  gradually  increase  in  velocity  until  e  comes  to  be 
as  nearly  equal  to  E  as  possible. 

(i)  Motor  at  rest,  e  is  zero, — ^We  now  have  C©  =  — ,  or  the 

Xv 

current  is  at  a  maximum.  Hence  the  activity  E  Co  expended  on 
the  dynamo  is  at  a  maximum.  But  it  all  appears  as  heat-activity 
evolved  in  the  circuit ;  it  gives  us  E  Q,  or  Q^  R,  heat-activity 
(measured  in  watts). 

(2)  Motor  moving  slowly,  e  is  small. — Now  we  have  C=  - \ 

R 

or  C  <  Co-  The  activity  expended  on  the  dynamo  is  also  less 
than  before,  being  now  EC,  which  is  <  ECo.  Ofthis  we  expend 
e  C  on  the  motor,  while  (E  —  <?)  C  appears  as  heat-activity. 

(3)  Motor  moving  rapidly,  e  nearly  equal  to  E, — In  this  case  C 

E  —  <? 
is  very  small,  smce  it  equals  — j — .     The  activity  E  C  expended 

on  the  dynamo  is  also  very  small,  or  the  dynamo  is  *  easy  to  turn.' 
Of  this  activity  the  part  e  C  spent  on  the  motor  is  the  greater,  and 
the  part  (E  —  <?)  C  wasted  in  heat  is  the  smaller. 

Thus  by  letting  the  motor  run  very  fast,  which  would  be  effected 
by  giving  it  very  little  work  per  second  to  do,  we  can  convert  into 
useful  activity  a  very  large  percentage  of  that  expended  upon  the 
dynamoi  and  waste  in  heat  a  relatively  small  amount ;  but  at  the 
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same  time  we  must  notice  that  the  activity  is  very  small  altogether. 
We  are  doing  work  without  much  waste,  but  the  work  is  Might' 

(4)  Motor  moving  so  thate  =  E  (approximately), — In  the  limit 
we  can  conceive  of  e  becoming  finally  equal  to  E.     Under  these 

conditions  the  current  is  zero^  since  — - —  now  equals  zero.      So 

K. 

that  at  the  moment  when  we  attain  the  result  of  having  no  waste  of 

activity  in  heat,  inasmuch  as  E  —  ^  now  is  zero^  and  of  converting 

all  the  activity  expended  upon  the  dynamo  into  activity  used  in 

the  motor,  at  this  limiting  moment  the  current  becomes  zero  and 

the  activity  itself  is  zero. 

Thus  in  case  (i)  the  useful  activity  ^  C  is  zero  because  e  is  zero  \ 

while  in  case  (4)  the  same  is  zero  because  C  has  become  zero, 

(5)  It  is  of  interest  to  discover  at  what  value  of  e  and  C  the 
useful  activity  ^  C  is  at  a  maximum. 

This  is  easily  found  by  an  ordinary  algebraical  device. 
We  wish  to  find  when  ^  C  is  at  a  maximum. 

Now  ^  C  -•    ^     ~    \  and  is  at  a  maximum  when  e  (E  —  e)  is  so. 

JK 


We  may  write  e  (E  —  e)  in  the  form 

(!)'-('-!)■• 

Here  each  term  is  positive  in  sign,  since  each  is  a  square.     Hence 

E 
the  whole  is  maximum  when  the  last  term  is  zero,  i,e.  when  e  =  — 

2 

We  see  then  that  the  work  per  second  done  on  the  motor  is 

greatest  when  this  motor  is  allowed  to  run  at  such  a  rate  that  the 

E.M.F.  e  is  equal  to  -  E.    When  this  is  so,  we  have 

2 

C^=lziil=I.J  =  !Co.  We  have  also  (E-^)C^  =  .C^; 
R.  2   R       2 

or  we  use  only  half  the  total  activity  expended  on  the  dynamo, 

the  other  half  being  wasted  on  heat. 

If  then  we  wish  to  get  through  some  work  at  the  greatest  pos- 
sible rate,  we  cannot  do  it  economically  ;  we  must  waste  half  our 
expended  work. 

The  reader  will  observe  that  these  results  are,  mutatis  mutandis, 
the  same  as  those  of  Chapter  XV.  §  7  (j3).     [See  also  Chapter  XIII. 

§  13.] 
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§  5.  Efficiency. — The  ratio  that  the  useful  activity  bean  to  thcj 
total  activity  expended  is  called  the  efficiency. 

Thus  it  follows  from  this  definition  that 

*  The  efficiency  is  measured  by  —,,,  or  by  4-* 

Thus  in  case  (i)  of  §  4  the  efficiency  is  zero.     As  e  inaeases,  \^ 
so  does  the  efficiency.     When  the  work  is  maximum,  this  occur- 
ring when  ^  =  -  E  as  was  shown,  the  efficiency  is  i.     In  the  limit 

2  '2 

the  efficiency  reaches  its  maximum  value  oi unity  first  when  ^  =  E, 
or  when  current  and  activity  vanish  together. 

The  reader  must  distinguish  very  carefully  between  maximum 
activity  and  maximum  efficiency.     We  do  most  work  per  second 

when  the  efficiency  is  but  -  ;  and  when  this  latter  approaches  the 

ecQnomic  ideal  of  unity ^  then  the  former  approaches  zero. 
Cy^'^.'^  6.  Representative  Curves.— We  have  seen  that  as  the  motor 
increases  in  velocity  from  zero  to  its  limiting  value,  so  that  e  rises 
from  zero  to  a  value  approximating  to  that  of  E,  we  have  the 
following  variations. 

(i.)  The  total  activity  falls  from  its  initial  and  maximum  value 
E  Co  to  its  final  zero  value. 

(ii.)  The  useful  activity  rises  from  zero  to  its  maximum  value 

I  I  EC 

of     E  X  -  Co,  or  of  -,  and  then  falls  to  zero  again. 

224  ° 

(iii.)  The  efficiency  rises  from  zero  to  its  limiting  value  of 
unity. 

Now  all  these  changes  can  be  very  conveniently  presented  to 
the  eye  in  one  view  by  means  of  the  graphical  method,  of  which 
we  have  already  given  examples  in  Chapters  XIII.  and  XVI. 

In  researches  on  the  behaviour  of  dynamos,  Dr.  Hopkinson, 
Marcel  Deprez,  and  others  have  made  much  use  of  the  graphic 
method.  It  has  been  found  possible  to  construct  for  each  machine 
a  curve,  determined  by  a  few  experimental  data  ;  and  then  from 
this  curve  to  predict  by  geometric  methods  the  behaviour  of  the 
said  machine  under  varied  conditions. 

Such  curves  are  called  characteristic  curves  ;  their  construction 
was  first  suggested  by  Dr.  Hopkinson. 
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XXIV.  • 

§  7.  S.  p.  Thompson's  Diagrams. — Professor  S.  P.  Thompson 
s  devised  a  very  simple  form  of  diagram  in  which  the  results  of 

4  and  5  are  presented  to  the  eye. 

In  the  diagrams  here  given  we  have  a  figure  similar  to  that  of 
Eluclid,  Book  II.  4. 

A  B  C  D  is  a  square  ;  the  length  A  D  of  its  side  represents  in 
xjaagnitude  the  constant  E,M,F,  E  of  the  dynamo  ;  the  vari  ble 


A         K         B 

i 

V                   K 

fi 

t 

•  •  •  .  • 

•  •  •  •  . 

•  *  • 

H 

tt 

CD  LC 

Fig.  i.  Fig.  H.  Fig.  iiL  Fig.  iv. 

part  A  K  represents  on  the  same  scale  the  variable  reverse  E.M.F.  e 

of  the  motor,  so  that  the  remainder  K  B  represents  (E  —  <?). 

•p ^ 

Now  we  know  that  C  =  ,  where  R  is  constant.    We  may, 

therefore,  for  purposes  of  comparison^  neglect  the  constant  R  ;  and 
may  say  that  the  line  K  B  represents  in  magnitude  the  current  C 
also. 

Hence,  in  the  general  case  of  fig.  i.  we  have  the  magnitudes 
of  the  several  activities  represented  by  the  areas  of  corresponding 
rectangles,  viz 

(the  total  activity  expended,  i.e,  E  C)  by  the  rectangle  A  H  ; 

(the  useful  activity,  i.e.  e  C)  by  the  rectangle  A  M  or  H  L ; 

(the  activity  wasted  in  heat,  ix,  C*  R  or  (E  -  ^) .  C)  by  the  square  K  H  ; 

(the  efficiency,  />.  ^)  by  the  ratio  of  areas  — —  ; 

AK 


>» 


>» 


)» 


or  by  the  ratio  of  lines 


AB 


The  four  diagrams  correspond,  fig.  i.  to  the  general  case,  fig.  ii.  to 
the  case  where  e  =  zero,  fig.  iii.  to  the  case  of  maximum  work,  and 
fig.  iv.  to  the  case  where  e  is  approaching  E  in  magnitude  respec- 
tively.    Further  explanation  is  not  needed. 

§  8.  Traasmission  of  <  Power '  from  a  Distance.— It  often 
happens  that  there  is  a  source  of  energy  at  one  place,  while  it  is 
desired  to  utilise  energy  at  another.  Such  is  the  case,  as  a  rule, 
where  the  source  of  energy  is  wind  or  water  ;  or  where  a  powerful 
central  engine  is  to  be  used  for  the  work  required  over  a  range  of 
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workshops.  When  activity  is  transmitted  from  the  source  to  the 
place,  more  or  less  distant,  at  which  it  is  to  be  utilised,  we  have 
what  is  called  transmission  of  power. 

For  very  short  distances  such  transmission  is  effected  by  means 
of  levers  or  toothed  wheels ;  for  longer  distances  by  means  of 
chains  or  flexible  straps  ;  for  still  longer  distances  by  means  of 
water,  as  in  the  gold -washing  operations  of  California.  Of  late 
years  such  distant  transmission  has  been  effected  by.  means  of  • 
electric  currents. 

The  question  naturally  arose,  Would  it  not  be  necessary  to 
have  very  thick,  and  therefore  very  expensive,  conductors,  if  it 
were  desired  to  transmit  activity  of  any  considerable  magnitude? 
It  was  (the  writer  believes)  Sir  W.  Thomson  who  first  pointed  out 
that  this  would  not  be  necessary,  if  the  transmission  were  effected 
under  proper  conditions. 

Suppose,  for  example,  it  were  desired  to  transmit  activity  from 

the  Falls  of  Niagara  to  the  city  of  New  York.     At  the  Falls  we 

might  have  a  number  of  dynamos  worked  by  means  of  turbines  or 

other  contrivances,  while  at  New  York  might  be  stationed  the 

motors  to  be  driven  by  the  current.     Now  the  activity  utilised  in 

New  York  would  be  measured  by  e  C,  while  the  current  C  is  given 

F  —  ^ 
by   -^--.     Hence  we  could  have  a  large  activity  utilised,  while  the 
K. 

current  to  be  carried  by  the  conductor  remained  small,  provided 

that  E  and  e  were  nearly  equal  and  were  very  large. 

We  must  therefore  have  at  the  one  end  a  dynamo  that  gives  a 
large  E.M.F,  E,  and  at  the  other  a  motor  running  so  fast  as  to 
give  a  reverse  E.M.F.  e  that  is  nearly  as  large  as  E.  That  this 
may  be  the  case,  the  motor  must  be  connected  by  a  *geared-down' 
arrangement  with  the  machine  that  it  is  intended  to  drive ;  so  that 
the  motor  may  run  very  fast  while  the  machine  moves  at  the  usual 
more  moderate  speed. 

In  such  an  arrangement  the  current  would  be  small,  and  hence 
the  transmitting  wire  need  not  be  of  large  diameter. 

It  is  interesting  to  notice  that,  in  the  above  case,  if  the  motor  were 

E 

stopped  the  wire  would  be  exposed  to  the  large  current    -  and  would 

R. 

very  likely  be  fused  by  it ;  and  if  the  dynamo  were  suddenly  stopped, 

the  wire  might  be  fustd  b^  vVv^  otcx^tvX  ^\a^\\\cK  It  would  be  for  a 
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moment  exposed,  the  motor  maintaining  for  a  moment  its  velocity 
owing  to  the  inertia  of  the  revolving  masses. 

§  9.  Electric  Bailways  and  Tram-Cars ;  Telpherage ;  &c. 

Electro-motors  can  be  used  for  locomotive  purposes  in  more  than 
one  way ;  but  at  present  such  applications  have  been  but  little  carried 
out  into  practice. 

Electric  tram-cars, — These  are  usually  driven  by  means  of  Faure's 
accumulators  that  are  carried  in  the  car  itself.  These  cells  supply  a 
current  to  an  electro-motor,  and  this,  through  the  intermediency  of 
suitable  geared-down  connections,  drives  the  car.  The  motor  moves 
rapidly ;  the  driving  wheels  of  the  car  move  with  relative  slowness. 

Electric  screw-launches. — Such  trial  boats  as  have  been  made  as 
yet  are  driven  either  by  means  of  accumulators,  or  by  means  of 
•primary'  bichromate  batteries ;  these  supplying  a  current  to  the  motor 
that  drives  the  screw. 

Electric  railways. — Lines  of  railway  have  been  devised  on  which 
the  train  would  be  driven  by  motors,  the  current  being  conducted  to 
them,  from  the  centres  at  which  the  dynamos  are  being  driven,  by 
means  of  the  rails  themselves.  Thus,  stationary  steam-engines  supply 
mechanical  energy  to  the  train  in  all  parts  of  its  journey,  through  the 
intermediency  of  the  current. 

The  whole  distance  can  be  so  broken  up  into  sections,  and  the 
electrical  connections  can  be  made  in  such  a  way,  that  the  current  is 
supplied  to  a  train  oiily  when  other  trains  are  at  a  safe  distance.  In 
fact,  collisions  could  thus  be  automatically  prevented,  breaks  automatic- 
ally applied,  and  risk  of  accidents  reduced  to  the  'unavoidable 
minimum.' 

Telpherage. — The  idea  of  propelling  light  trains  along  single  over- 
head rails  was  first  conceived  by  Professor  Fleeming  Jenkin.  Such 
trains  might,  e.g.^  serve  to  transport  material  from  mines  or  quarries 
over  fields  to  the  works  for  which  such  material  might  be  destined,  or 
for  any  similar  purpose.  This  automatic  transport  has  been  called 
Telpherage.  The  reader  will  perceive  that  it  differs  only  in  detail, 
not  at  all  in  principle,  from  the  railway  system  mentioned  above. 

The  practical  application  of  Telpherage  is  due  to  Professors 
Fleeming  Jenkin,  Ayrton,  and  Perry,  who  acted  in  concert  in  this 
matter. 

In  October  1885,  there  was  opened  in  Sussex  the  first  Telpher  line 
instituted  in  this  country.  It  serves  to  convey  clay  from  the  pits  over 
meadows  (where  a  tramway  would  have  been  inconvenient  or  injurious) 
to  the  railroad ;  and  it  was  adopted,  by  the  Cement  Company  who 
own  it,  as  the  most  suitable  method  of  transport. 


4 1 2  ELECTRICITY  ch.  xht. 

(For  further  details  as  to  this  line  the  reader  is  referred  to  *  Nature, 
Vol.  xxxiii.  p.  13,  whence  this  brief  notice  has  been  derived.) 

/^;      §  10.  Distribution  of  Potential  in  the  Circuit  of  a  Dynano 

and  Hotor. — In  what  follows  we  shall  speak  of  a  dynamo  of  con- 

•  stant  E,M.F,  E,  and  a  motor  of  reverse  E.M.F.  e.     The  reader 

can  easily  apply,  the  same  methods  to  the  similar  case  of  voltaic 

piles  and  electrolytic  cells  {see  Chapter  XV.  §  9). 

As  in  Chapter  XIII.  so  here,  the  ordinates  represent  potentials; 
the  abscissae  represent  resistances ;  and  the  whole  diagram  ex- 
hibits the  fall  of  potential,  that  occurs  in  obedience  to  Ohm's  law, 
throughout  the  circuit. 

We  have  for  convenience  represented  the  E.M.F.  E  of  the 
dynamo  as  a  AV  occurring  abruptly  at  one  point  in  the  armature 
This  is  not  the  case ;  for  the  E.M.F.  E  is  the  sum  of  a  number  of 
E.M.F.s  occurring  in  the  dififerent  turns  of  wire.  But  in  what 
follows,  this  simple  assumption  will  not  lead  us  to  any  erroneous 
results  ;  and  without  it  we  could  have  no  such  simple  diagrams 
as  those  here  given. 

(L)  Dynamo ;  open  circuit. — In  fig.  L  the  points  A  and  B  re- 
present the  terminals  (or  brushes)  of  the  dynamo  ;  A  x  and  y  B 

together  measure  the  internal  resist- 
ance Rj  of  the  dynamo  ;  the  ordinate 
xy  measures  the  E.M.F.  E. 

Since  there  is  no  current,  it  is  clear 
that  A  X  and  y  B  are  horizontal,  or 
that  the  points  A  and  B  have  a  differ- 
ence of  ordinate  measured  by  .r.v. 
In  other  words,  the  E.M.F.  E  may 
be  measured  by  the  AV  of  the  ter- 
minals  A  and  B  when  the  circuit  is 

Fig.  i. 

open, 
(ii.)  Dynamo  ;  closed  circuit ;  no  other  E.M.F.  in  the  circuit— 
Now  let  the  circuit  be  closed  through  an  external  wire  whose  re- 
sistance is  measured  by  the  abscissa  ba'  of  fig.  ii.  Here  A  and 
A'  are  really  one  point,  the  circuit  being  complete.  The  lines  Ajc 
and  y  h!  make  an  angle  <^  with  the  axis  O  r  such  that  C  is  pro- 
portional to  tan  <f>,  or  to^=^,  as  explained  in  Chapter  XIII. 

a  a 

It  is  clear  that  in  this  case  the  points  A  and  B  have  a  difference 
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of  ordinates  that  is  less  than  the  ordinate  xy.    This  means  that 

"•he  AV  between  the  terminals  will  not  measure  the  total  E,M,F. 

!E  of  the  dynamo,  but  will  be  less  than  this  latter ;  there  being 

some  fall  of  potential  down  the  internal  resistance  Ri,  according 


DlfeetCon  of  current 


Fig.  iL 

t 

to  Ohm's  law.     We  may  conveniently  designate  the  AV  between 
A  and  B  by  the  symbol  Eg.     It  will  not  be  hard  to  find  what 

relation  E^  bears  to  the  total  E,M.F,  E. 

Let  Rj  be  the  internal  resistance  a  b^  and  R2  the  external  re- 
sistance ba!. 

Then,  since  there  is  in  the  whole  circuit  a  total  fall  of  potential 
measured  by  E,  there  will  in  the  portion  Rj  be  a  fall  measured 

'       .  E,  by  Ohm's  law.     This  expression  can  be  written 

E 


^^  Ri  -f  R2 

also  as  Ri  C,  since  C  = 


Ri  -f  R2* 


Hence,  E    falls  short  of  E  by  the  amount  Rj  C  ;  or  . 


E  =  E^  +  Ri  C. 


We  can  therefore  find  out  the  value  of  the  E.M.F.  of  a  dynamo 
(supposing  it  not  to  be  shunt-wound)  when  it  is  running  and  when 
the  circuit  is  closed,  by  finding  the  AV  between  its  terminals  and 
by  adding  to  this  the  product  of  its  resistance  into  the  current. 
If  measures  be  made  in  amperes,  oh?nSy  and  volts^  there  will  be  no 
*  constants '  involved  in  these  expressions. 

(iii.)  Dynamo  and  motor ;  a  reverse  E,M,R — In  fig.  iii.  we 
have  the  case  of  a  circuit  that  comprises  a  dynamo  and  motor. 
A  and  B  are  the  terminals  of  the  dynamo,  C  and  D  those  of  the 
motor.     The  resistar.ce  Ri   of  the   former  is  measured  by  the 
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abscissa  ^1^,  and  the  resistance  Rj  of  the  latter  by  ca,  Theo- 
maining  abscissae  dc3indda'  together  represent  the  resistanar 
of  the  connecting  wires.     Ax,yz,  and  70  A',  are  of  course  poralkL 


u 


Jhrtetion  afeurrBttt  ^ 


Fig.  iiL 

The  ordinate  xy  represents  the  E,M,F,  F  of  the  dynamo^ 
while  zw  represents  the  reverse  E.M.F.  e  of  the  motor.    The 

current  is  given  by  the  expression  — ;   or,  in  the  dia- 

Ki  +  K2  +  r 

X  V  ^^  Z  ID 

gram,  it  is  proportional  to  -^ — ; 

aa 

Using  the  same  notation  as  in  (ii.)  above,  we  inay  say  that 

the  AV    Eg  between  the  terminals  A  B  is  related  to  E  by  the 

equation 

E  =  E3  +  RiC. 

In  a  similar  way  we  have  for  the  AV  E^^  between  the  terminals 
of  the  motor  the  relation 

E^  =  ^  +  R2C, 

since  here  the  fall  of  potential  due  to  Ohm's  law  is  added  to  the 
fall  measured  by  e. 

The  reader  should  notice  the  fact,  at  first  sight  somewhat  para- 
doxical, that  in  the  dynamo  the  E.M.F.  (represented  for  convenience 
by  the  abrupt  rise  xy)  appears  to  be  opposed  to  the  current ;  while  in 
the  motor  the  E.M.F.  (similarly  represented  by  sw)  appears  to  be 
acting  with  the  current. 

These  apparent  difficulties  disappear  upon  a  little  consideration. 

It  is  the  work  done  on  the  dynamo  that  keeps,  as  it  were,  pumping 
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the  electricity  from  jrto  j;  and  it  is  the  advantage  thus  gained  that 
^snables  the  current  to  flow  in  the  direction  indicated  by  the  arrow. 
3Hence  the  driving  E.M.F.  E  is  represented  suitably  in  the  diagram 
ty  the  rise  xy. 

In  the  case  of  the  motor  we  may  observe  that  if  the  current  is  to 
^o  work,  it  must  be  by  being,  as  it  were,  let  down  an  *  electrical  hill.' 
^ence  2  w  must  occur  in  the  opposite  direction  to  that  in  which  xy 
.  ^occurs ;  the  current  must  fall  down  2  w.     Moreover,  such  a  fall  diS  zw 
:Tightly  represents  a  reverse  E.M.F.,  or  one  which  opposes  the  current, 
for  the  following  reason.     The  current  is  proportional  to  tan  <l>  {see 
Chapter  XIII.) ;  and  hence  the  current  is  diminished,  if  the  inclina- 
tion <j>  of  the  lines  Ax,  ya^  and  wA\  to  the  axis  Or  be  diminished. 
Now  the  fall  z  w  does  diminish  the  angle  <^,  as  is  easily  seen  if  we 
compare  fig.  iii.  with  a  figure  in  which  zw\s  removed,  xy  and  a  a' 
remaining  unaltered. 

Hence  e  is  rightly  represented  by  the  fall  zw* 

§  II.  Work  done  per  Second  upon  a  Dynamo  as  Belated  to    \^i^ 
the  Velocity  v  of  Rotation.  ' 

The  mechanical  work  per  second  or  activity  expended  in  driving 
a  dynamo  is,  if  we  neglect  friction,  measured  in  watts  by  the  product 
EC. 

The  manner  in  which  the  magnitude  of  this  product  depends  upon 
the  velocity  v  of  rotation  of  the  armature  varies  according  to  the  nature 
of  the  dynamo. 

(i.)  Case  of  magneto,  or  other  constant-field,  machine. — Here  we 
have,  by  the  formula  of  Chapter  XXIII.  §  2,  that  E  is  proportional  to 
V  ;  and  hence  that,  when  there  is  no  other  E.M.F.  in  the  circuit,  C  is 
also  proportional  to  v. 

Therefore  the  work  is  proportional  to  v^, 

(ii.)  Case  of  series^  or  other  varyingfield^  machines. — In  these  the 
E.M.F.  is  first  affected  directly  by  v,  and  then  is  affected  also  in- 
directly, inasmuch  as  increase  of  current  increases  the  field- strength. 

Hence  the  work  is  proportional  to  some  higher  power  of  v  than 
the  second  power.  Since  however  the  increase  in  field-strength,  cor- 
responding to  a  given  increase  in  the  current,  depends  upon  the 
degree  to  which  the  cores  of  the  field-magnets  are  already  saturated, 
it  is  not  possible  to  express  in  any  simple  and  yet  exact  manner  the 
relation  between  the  activity  E  C  and  the  velocity  of  rotation  v. 
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CHAPTER  XXV. 

-y/      VARIOUS  APPLICATIONS  OF  ELECTWCiTY  ;  TELEGRAPHS^ 
TELEPHONES^  MICROPHONES|  ELECTRIC  UGHTING.     , 

§  I.  Introciiietory.-'In  the  present  Chapt^  we  shall  describe, 
but  necessarily  in  a  very  brief  manner,  various  appUcadoi^  of 
'  electricity ' ;  these  applications  being  for  convenience  divided 
into  groups,  as  indicated  in  the  heading  of  the  Chapter.  From 
the  nature  Of  ^e  subject  there  will  not  be^  as  there  was  in  most 
of  the  previous  Chapters,  any  order  or  progress  from  group  to 
group*  The  whole  forms  a  somewhat  miscellaneous  coUecdcni, 
illustrative  of  various  principles  explained  earlier  in  the  Course. 

TELEGRAPHS   AND   ELECTRIC   SIGNALLING. 

§  2.  General  Principle  of  Telegraphy. — Let  us  consider  two 
stations  A  and  B,  more  or  less  remote  from  one  another,  con- 
nected by  an  insulated  wire,  the  circuit  being  completed  either 
through  a  return  wire,  or  by  means  of  large  metallic  plates  buried 
in  the  soil,  through  the  earth  itself  It  is  clear  that  from  either 
station  can  be  sent  currents  that  will  pass  through  the  other 
station.  And  if  each  station  be  provided,  not  only  with  a  battery 
and  with  a  suitable  instrument  for  making  or  breaking  current, 
but  also  with  a  receiving  instrument  on  which  the  current  acts  to 
deflect  a  needle,  sound  a  bell,  or  in  other  ways  attract  attention, 
it  is  clear  that  we  have  the  means  of  exchanging  signals  and 
messages  between  the  two  stations. 

Notg  on  the  ^return  wire."* — We  may  remark  that  as  a  rule  a  return  wire  is 
not  employed,  the  circuit  being  completed  by  means  of  large  metallic  plates 
buried  in  the  earth,  as  is  seen  in  the  diagram  to  §  4.  It  is  not  necessary  to 
suppose  that  the  current  does  actually  return  through  the  earth.  For  the 
plates  will  be  kept  at  what  will  be  approximately  zero  potential  (or  the  same 
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potential),  since  each  has  a  lai^e  surface  in  contact  witli  a  practically  un- 
limited condactor.  And,  as  long  as  each  end  of  the  line  is  kept  at  u/v 
potential  (or  the  same  potential),  so  long  will  the  battery  send  a  current 
through  iL 

(r)  2^e  electric  hell. — The  accompanying  figure  represents  a 
very  simple  form  of  signalling  instrument :  it  is  similar  in  principle 
to  the  automatic  make-and-break  de- 
scribed in  Chapter  XXII.  \ 

When  in  the  position  shown  here  ( 
(5«  fig.  i.)  the  circuit  is  complete.  But  \ 
as  soon  as  a  current  passes,  the  electro- 
magnet attracts  the  iron  keeper  a, 
causing  the  hammer  to  strike  the  bell , 
and  the  circuit  is  broken  at  the  place 
where  the  spring  C  touched  the  keeper 
a.  The  current  ceases,  and  with  it  the 
magnetism.  Hence  the  keeper  a  is  no 
longer  attracted  ;  and  so,  acted  upon 
by  the  spring  to  which  it  is  attached, 
it  flies  back  again  and  makes  contact 
once  more  with  C.  The  process  is 
then  repeated.  As  long,  therefore, 
as  the  current  is  kept  on  the  Une,  so 
long  will  the  hammer  vibrate  and  the 

bell  sound.  This  instrument  is  used  only  for  attracting  attention, 
not  for  n 


\i)  The  electric  sounder. — This  instrument  {see  fig.  ii.)  is  very 
simple  in  consiructioa  The  airrent  from  the  sending  station  passes 
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throogfa  the  coils  of  the  dectto-magnet,  and  tiie  iroa  keeps 
a  is  attracted  downward.  This  causes  the  other  end  (rf  die 
lever  to  hit  with  a  sharp  sound  the  screw  i.  When  the  cmratt 
ceases,  the  spring  S  pulls  the  lever  down  again,  and  this  hits 
l^e  lower  screw  e.  When  the  current  is  made  and  tec^ 
very  rapidly,  these  two  sounds  occur  almost  amultaneously,  is  i 
sharp  douUe  'click.'    If  the  current  be  not  broken  again  at  once, 


the  two  sounds  are  separated  by  a  corresponding  interval,  and 
the  sound  is  more  deliberate.  These  two  sounds  can  be  readily 
distinguished  ;  and  by  suitable  combinations  of  these  we  can,  as 
will  be  explained  in  §  3,  represent  all  the  letters  of  the  alphabet, 
and  so  form  a  code  for  messages. 

It  is  to  be  noticed  that  if  there  be  passing  between  the  point 
4  and  the  lever  a  strip  of  paper,  moved  by  clock-work  at  a  uniform 
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rate,  then  each  sharp  make-and-break  of  current  will  cause  a  dot 
to  be  made  on  the  strip ;  while  each  slower  make-and-break  will 
keep  the  point  pressed  against  the  paper  sufficiently  long  to  make 
a  dash  on  it  When  the  signals  are  thus  to  be  printed,  the  in- 
strument is  modified,  the 
lever  being  provided  with 
a  pointed  style,  or  with  a 
small  sharp-edged  wheel, 
and  d  being  replaced  by 
a  smooth  roller. 

(3)  The  needle  tele- 
graph.— By  sending  cur- 
rents round  any  form  of 
galvanometer  in  opposite 
directions,  we  can  give  to 
the  needle  deflexions  in 
opposite  directions  respec- 
tively. On  this  principle 
is  constructed  the  com- 
mon '  needle  telegraph,' 
of  which  one  form  is 
shown  in  fig.  iii.  Here 
the  coils  and  the  needle 
are  both  vertical,  and 
the  motion  of  the  needle 
is  limited  by  two  ivory  ' 
stops.    In  fig.  iv.  we  see  p     v 

at  the  base  of  the  instru- 
ment the  commutating  key  by  means  of  wh  ch  the  current  can 
be  made  or  broken,  and  sent  n  either  direct  on.  The  current 
passes  first  through  the  sending  instrument  deflect  ng  its  needle 
in  one  or  the  other  direction.  It  passes  thence  through  the  line 
wire,  and  affects  in  a  corresponding  manner  the  needle  cf  the 
receiving  instrument 

By  means  of  a  suitable  code  both  th  s  and  the  last  nstrument 
are  used  to  transmit  verbal  messages 

§  3.  Telegraphic  Alpbabete — In  all  those  instruments  that 
are  in  extensive  use  there  are  only  two  elementary  signals  :  the  dot, 
to  which  we  agree  to  consider  a  deflexion  to  the  left  to  be  the 
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corresponding  signal  in  the  needle  instrument ;  and  the  dash^  to 
which  corresponds  the  deflexion  to  the  right  of  the  needle. 

The  signals  answering  to  the  letters  of  the  alphabet  are  various 
combinations  of  the  above  elements,  the  only  principle  observed 
being  that  simple  signals  shall  represent  constant  recurring  letters* 


SCTGLB 

snoBix 

PRIXTIKC. 

NTEDLE. 

FRINTIXG. 

.NEEIKE. 

A 
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N 
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B 
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As 
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S 
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\W 

G 

/A 

T 
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/ 

H 

WW 

U 

«...  _ 

«/ 

I     -- 

w 

V 

....  ~. 

xxx/ 

J 

J// 

W 

»  — .  — .— 

x// 
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u 

X 

w— •  •»  ^  «>^ 
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L      

.L 

Y 

^^i^     •■»     a^^M    ^^MM 

A// 

M 

11       j 

Z 



/As 

This  system  is  called,  from  its  inventor,  the  Morse  code.  The 
reader  will  notice  how  readily  this  code,  intended  originally  for 
dots  and  dashes  in  the  Morse  instrument  described  in  §  5,  adapts 
itself  to  other  methods  of  signalling  ;  as  by  the  needle  instrument, 
by  the  voice,  by  flashes  of  light,  by  flags,  &c. 

§  4.  The  Needle  System  of  Telegraphy. — We  will  now  de- 
scribe briefly  the  simplest  manner  in  which  two  stations  may  be 
united  on  the  needle  system.  In  the  figure,  A  and  B  represent 
the  two  needle  instruments  {see  §  2,  fig.  iii.)  at  the  two  stations 
respectively  ;  the  batteries  are  represented  as  usual.  E  and  E'  are 
large  plates  buried  in  the  earth,  serving  to  keep  the  two  ends  of 
the  line  at  the  zero  potential ;  K  and  K'  are  the  two  commutating 
keys  by  means  of  which  each  station  can  send  a  current  in  either 
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direction  through  the  other  station  ;  the  line  wire  (shortened  out 
of  all  proportion,  of  course)  is  seen  at  the  top  of  the*  diagram. 

Action  of  the  commutator  key, — The  terminals  of  the  battery 
are  connected  with  two  strips  of  metal,  marked  white  and  black 
respectively  in  our  diagram.  These  are  insulated  from  each  other. 
The  pieces  /  and  r  are  two  keys  of  metal,  that  are  kept  pressed 
against  the  upper  (or  white)  strip  by  means  of  a  spring.     In  this. 


which  is  the  normal  condition  of  things,  there  is  a  complete  circuit 
through  A,  the  upper  strip,  the  line,  B,  the  other  upper  strip,  the 
earth  plate  E',  the  other  earth  plate  E,  and  so  to  A  again.  The 
batteries  are  cut  out  of  the  circuit ;  since  the  lower  (ox  black)  strips, 
and  with  them  the  negative  poles  of  the  batteries,  are  insulated. 

Now  let  the  key  /  be  depressed  ;  thus  leaving  the  upper,  and 
touching  the  lower,  strip.  The  connections  make  it  evident  that 
this  will  send  a  current  along  the  line  to  B,  through  E'  and  E, 
and  back  to  the  —  pole  of  the  battery  by  A  and  /.  If  the  other 
key  be  depressed,  the  current  will  pass  in  the  other  direction. 

If  similar  keys  be  depressed  at  both  stations  simultaneously 
the  circuit  will  be  broken,  and  no  message  can  be  sent. 

§  5.  The  Morse  System. — The  Morse  instrument  is  in  all 
essentials  the  sounder  of  §  2,  fig.  ii. ;  but  it  is  modified  so  as  to  print 
dots  or  dashes  on  a  strip  of  paper. 

In  the  figure  we  show  the  simplest  manner  of  connecting  two 
stations  by  means  of  Morse  instruments.  The  two  Morses  are  at 
M  and  M' ;  K  and  K'  are  simple  keys,  not  commutators ;  G  and 
G'  are  galvanometers  to  indicate  to  the  sender  whether  or  no  the 
current  actually  passes,  or  whether  the  line  is  stopped ;  this  being 
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needed,  inasmuch  as  the  current  does  not  pass  through  the  sender's 
Morse,  In  the  position  shown,  the  keys,  kept  in  place  by  a  v^v% 
make  contact  at  3  and  4,  so  that  each  station  is  ready  to  recet?e 
a  message.    On  cither  key  being  depressed  a  current  is  sent  along 


the  line  and  through  the  other  instrument ;  so  that  dots  or  dashi 
will  there  be  printed,  according  to  the  duration  of  the  contact 
made  by  the  sending  key. 

If  both  keys  be  depressed  at  once  no  message  can  pass.  A 
preliminary  signal  is  usually  sent,  so  that  the  receiving  clerk  may 
set  going  the  clock-work  that  moves  the  paper. 

The  Morse  is  often  worked  by  sound,  the  ear  soon  acquiring 
the  power  of  reading  off  the  message  in  this  way. 

§  6.  Eelays. — On  long  lines  the  current  will  usually  be  too 
feeble  to  work  the  printing  Morse,  In  such  cases  a  relay  is  em- 
ployed. This  is  an  arrangement  consisting  of  a  local  battery  in 
circuit  with  the  Morse^  and  a  key  that  can  make  or  break  this 
circuit ;  this  key  being  worked  by  the  feeble  line  current  through 
the  intermediency  of  an  electro-magnet. 

In  the  figure  on  the  next  page  the  feeble  line  current  works 
the  electro-magnet  R ;  this  acts  upon  the  soft  iron  piece  a^  and  by 
means  of  the  lever  makes  contact  at  i,  2  ;  the  local  circuit  is  thus 
completed,  and  the  Morse  S  is  worked  by  the  strong  local  current. 

§  7.  l^ansmission  through  Cables,  under  Water. — When  the 
line  connecting  two  pliaces  has  to  be  laid  under  water,  it  then 
consists  of  one  or  more  copper  wires  thickly  coated  with  some 
insulating  material ;  round  this  agam  is  generally  twisted  stout 
iron  wire  in  order  to  give  \.V\^  ?»\\ew^VvTv^c^ssax>j^;w\d  this  is  coated 
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'^^th  some  waterproof  material.     The  whole  is  called  a  cable ;  the 
Yuessages  conveyed  by  it  are  sometimes  called  cablegrams, 

Difficulties  occurring  in  transmission  by  cable, — It  was  soon 
:fbund  that  it  was  not  possible  to  send,  through  a  cable  of  any 
considerable  length,  the  clearly  separated  dots  and  dashes  required 
by  the  Morse  receiver.  The  sharp  tap  on  the  key  at  the  sending 
end  is  represented  at  the  receiving  end  by  a  feeble  current  that 
slowly  rises  to  a  maximum  and  again  slowly  sinks  to  zero.  With 
such  currents  we  cannot  use  any  of  the  instruments  described 
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above.  Had  not  the  Thomson^s  reflecting  galvanometer^  or  some 
similar  instrument,  been  invented,  cablegraphy  would  hardly  have 
been  practicable.  With  this  instrument,  however,  the  reading  of 
a  message  is  easy.  The  principle  of  the  reflected  beam  of  light 
gives  the  means  of  magnif5dng  the  motion  to  any  desired  extent. 
The  needle  is  of  very  small  mass  and  possesses  but  little  moment 
of  inertia  about  its  axis  of  suspension ;  and  hence  its  deflexion  will 
follow,  with  but  an  inappreciable  lag,  the  varying  undulatory 
current.    And  the  extreme  delicacy  of  the  instrument  enables  very 
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small  currents  to  be  perceived.  Finally,  the  small  mass  of  the 
needle,  its  method  of  suspension,  and  the  command  of  it  that  is 
given  by  the  controlling  magnet,  renders  it  possible  to  use  a 
modified  form  of  this  instrument  on  board  ship  during  the  laying 
of  the  line. 

Reading  the  messages, — On  a  land  line  we  are  able  to  give  to 
the  needle  very  rapid  deflexion  to  right  and  to  left  of  the  zero 
mark.  But  on  a  cable  the  currents  last  so  long  that  it  is  not 
practicable  to  wait  for  the  dying  away  of  one  current  before  sending 
another.  Hence  the  currents  overlap  one  another,  and  allowance 
has  to  be  made  for  this  in  reading  the  message.  The  clerk  at  the 
receiving  end  watches  the  spot  of  light,  and  observes,  not  its  move- 
ments to  right  or  left  of  the  zero  mark  in  the  middle  of  the  scale, 
but  its  jerks  to  right  or  left  wherever  it  happens  to  be.  In  fact,  a 
shifting  zero  mark  is  used. 

Cause  of  retardation  of  signals, — The  origin  of  the  alteration  of 
the  sharp  signals  sent,  into  the  slow  and  gradual  undulations 
received,  lies  mainly  in  the  fact  that  the  cable  forms  a  long  con- 
denser of  very  great  capacity. 

In  the  case  of  an  overland  wire,  the  sharp  making  of  contact 
effected  by  striking  the  key  is  followed  by  the  passage  along  the 
wire  of  what  we  may  call  a  tide  of  electricity  ;  this  tide  having  a 
relatively  abrupt  front,  as  has  the  well-known  '  bore  '  that  is  some- 
times seen  on  a  tidal  river.  The  receiving  instrument  is  affected, 
almost  instantaneously,  with  the  full  force  of  the  current.  But  in 
the  case  of  the  cable  matters  are  very  different.  The  tide  of 
electricity  .rushes  into  the  cable,  but  as  it  proceeds  it  is  to  a  great 
extent  detained  to  charge  electrostatically  the  cable ;  this  being  a 
condenser  in  which  the  wire  and  the  sea-water  form  two  coatings 
separated  by  the  insulating  di-electric.  Thus  the  rise  to  a  maxi- 
mum occurs  very  gradually,  as  would  the  rise  of  tide  in  a  stream 
out  of  which  ran  many  side  channels  that  must  be  filled  by  the 
tide  before  it  can  advance  up  the  river.  (We  need  not  say  that 
the  analogies  here  given  are  very  incomplete.) 

Hence  at  the  receiving  instrument  the  current  rises  very 
slowly  to  a  maximum. 

§  8.  Earth  Currents.  Condenser  System  of  Working.— It 
is  found  that  currents  are  continually  flowing  from  one  point  of 
the  earth  to  another,  these  currents  being  due  to  thermo-electric 
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dr  to  other  unknown  causes.  When  the  two  earth  plates  of  a 
telegraphic  line  happen  to  be  buried  where  the  earth  is  not  at  one 
potential,  a  current  will  flow  along  the  line  wire.  The  greater  the 
A  V  of  the  two  places  at  which  the  plates  are  sunk,  the  stronger 
will  be  the  E.M.F.  driving  the  current  along  the  line.  During 
those  disturbances  of  the  earth's  magnetic  field  which  are  known 
as  magnetic  storms^  these  earth  currents  become  very  strong,  and 
may  entirely  over-ride  and  nullify  the  ordinary  currents  by  which 
the  messages  are  transmitted  ;  such  *  storms '  occur,  for  example, 
during  brilliant  displays  of  the  aurora  borealis,  and  during  any 
noticeable  changes  in  the  surface  of  the  sun. 

These  earth  currents  give  great  trouble  on  long  lines,  and 
especially  in  long  cables.  There  are  two  methods  of  meeting  the 
difficulty. 

(L)  The  return  wire  method, — Where  it  is  practicable,  a  return 
wire  may  be  used  instead  of  an  *  earth.'  If  the  clerks  find  the 
earth  current  to  be  so  strong  on  any  particular  day  as  to  give 
trouble,  they  may  temporarily  complete  the  circuit  by  means  of 
any  wire  that  does  not  happen  to  be  in  use  on  that  day. 

(ii.)  The  condenser  system, — The  diagram  here  given  represents 
ih&  principle  of  the  condenser  method.     In  this  system  the  line  is 


a 


<f>" 
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not  continuous,  but  the  line  from  the  sending  station  is  connected 
with  one  condenser  plate,  while  from  the  other  plate  passes  away 
the  line  to  the  receiving  station.  In  the  simple  arrangement  shown 
in  the  figure,  a  depression  of  the  key  would  send  a  charge  into  the 
condenser  plate  a.  This  would  call  up  an  equal  and  opposite 
charge  in  the  plate  b ;  and  the  effect  upon  the  instrument  G  would 
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be  the  same  as  though  the  current  sent  had  passed  oil  This 
action  of  course  ceases  when  the  condenser  is  charged,  but,  as 
this  latter  is  always  of  very  great  capacity,  the  current  due  to  Ae 
electrostatic  induction  lasts  as  long  as  is  necessary. 

When  the  key  is  again  released,  the  plate  a  is  discharged  tt 
earth ;  and  hence  there  will  be  a  discharge  of  d  also,  and  therefore 
a  reverse  current  through  the  instrument  G. 

In  practice  there  is  a  condenser  at  each  end,  the  cable  being 
totally  insulated.  There  is  double  induction,  but,  by  the  electro- 
static principles  discussed  in  Chapter  X.  and  earlier,  the  instrument 
at  the  receiving  end  will  be  influenced  by  currents  passing  in  the 
same  direction  as  if  they  had  come  direct  from  the  sending  station. 

The  condensers  employed  consist  usually  of  many  sheets  of 
tin-foil  separated  by  insulating  sheets  of  paraffined  paper ;  the 
sheets  of  tin-foil  being  connected  up  into  two  alternate  sets, 
answering  to  the  two  plates  of  a  condenser. 

§  9.  Insolation  rf  Wires. — If  we  cut  connection  with  the 
earth  at  one  end  of  a  line,  and  send  a  current  into  the  wire  at  the 
other  end,  a  galvanometer  in  the  line  will  settle  down  to  some 
steady  deflexion.  In  fact,  the  *  insulated '  line  wire  leaks  to  earth 
along  the  whole  distance ;  the  insulators  acting  as  conductors  of 
very  great  resistance.  The  longer  the  line,  the  more  is  the  leak- 
age and  the  lower  is  the  resistance  offered  by  the  insulators  collec- 
tively. It  is  usual  to  fix  upon  some  definite  resistance  (in  ohms) 
as  the  resistance  per  mile  that  ought  to  be  offered  by  any  given 
line  of  wire.  .  If,  without  any  special  cause,  such  as  fogs,  rain,  or 
snow,  the  insulation  fall  below  this  standard,  then  it  is  suspected 
that  some  accidental  connection  with  earth  has  been  made. 

§  10.  Duplex  Telegraphy.— In  §§  4  and  5  we  noticed  that  it 
was  not  possible  to  send  a  message  from  each  station  to  the  other 
respectively  at  one  and  the  same  time.  Could  this  be  done,  it  is 
evident  that  we  could  get  twice  the  use  out  of  a  line. 

We  can  readily  devise  a  method  in  which  each  clerk  could 
transmit  his  own  message  through  his  own  instrument;  the 
problem  to  be  solved  is  much  harder,  viz.  how  the  message  sent 
from  A  shall  be  indicated  by  the  instrument  at  B  only,  while  that 
sent  from  B  shall  be  indicated  at  A  only. 

This  problem  has  been  solved  in  two  ways,  one  of  which  we 
will  briefly  describe. 
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(i.)  The  differential  method. — In  the  figure,  E  and  E'  represent 

two  Morse  instruments  (or  relays),  the  electro-magnet  in  each 

ig  wound  with  two  equal  coils.    The  line  from  the  key  K 

"Ihiaiiches  at  a  \  one  path  is  through  the  one  coil  of  E,  through 

"the  line  /,  through  the  one  coil  of  the  receiving  instrument  E', 

and  so  to  earth  ;  the  other  path  is  through  the  second  coil  of  E, 


\ 
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through  an  adjustable  resistance  box  r,  and  so  direct  to  the  other 
terminal  of  the  battery.  The  same  may  be  said  with  respect  to 
the  paths  from  the  other  key  K'. 

In  order  to  work  this  system  it  is  necessary  that  the  two  paths 
from  either  key  offer  equal  resistances.  In  this  case,  since  there 
are  in  each  instrument  two  equal  and  opposite  coils,  the  depression 
of  the  key  K  alone  will  not  affect  E,  but  will  affect  E';  while  the 
depression  of  K'  alone  will  not  affect  E',  but  will  affect  E.  In 
the  diagram  the  keys  are  shown  in  their  normal  position.  This  fact 
enables  us  to  test  for  the  desired  equality  of  resistances  ;  r  and  /^ 
being  adjusted  until  the  desired  end  is  attained. 

It  is  to  be  noticed  that  in  the  action  on  the  Morse  instruments  or 
relays  we  need  not  consider  the  direction  of  the  current 

Let  us  now  suppose  that,  while  A  is  sending  a  message  to  B 
by  depressing  the  key  K,  the  key  K'  is  also  depressed.  This  will 
destroy  the  balance  previously  existing.  Through  the  one  coil  of 
E  there  will  now  flow  less  current  than  before,  or  zero  current,  or 
even  a  reverse  current ;  this  depending  upon  the  relative  E.M.F.S 
of  the  two  opposed  batteries.  So  long,  then,  as  K  and  K'  are 
both  depressed,  the  instrument  E  is  worked  by  this  difference  of 
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currents  in  its  two  coils  ;  and,  if  K  be  released,  E  will  be  wodttd' 
directly  by  the  current  from  B  alone.  Hence,  under  bothconfi. 
tions  E  will  attract  its  armature,  or  release  it,  in  obedience  to  the 
movements  of  the  key  K'  at  the  station  B.  The  same  holds  good 
with  respect  to  the  instrument  E'. 

Thus,  by  means  of  a  system  in  which  checks  to  the  cunenis 
sent  are  recorded  as  currents  received,  the  problem  of  duplex 
telegraphy  was  solved. 

(ii.)  The  Wheatston^s  bridge  method, — In  another  method  a 
somewhat  different  principle  is  employed.  Here  each  instrument 
is  placed  in  a  '  bridge,'  and  is  unaffected  as  long  as  the  extremi- 
ties of  the  bridge  are  at  the  same  potential.  When  matters  arc 
properly  adjusted,  this  state  of  equilibrium  at  the  one  station  A  is 
destroyed  by  the  depression  of  the  key  at  the  other  station  B;  and 
this  is  the  case  whether  the  key  at  A  be  worked  or  no.  Hence 
duplex  working  is  rendered  possible. 

TELEPHONES, 

§  II.  Telephones.  Introductory. — Telephones  are  instruments 
by  means  of  which  it  is  possible  to  transmit  between  two  stations, 
more  or  less  remote  from  each  other,  musical  notes  or  other 
sounds,  and  even  articulate  sjjeech ;  an  instrument  at  the  one  end 
is  spoken  to  or  sung  to,  and  the  instrument  at  the  other  end  gives 
out  the  words  spoken  or  the  tune  sung.  [The  same  result  can  be 
obtained  for  comparatively  short  distances  by  means  of  speaking 
tubes  ;  but  to  such  a  system,  which  is  merely  a  case  of  reflexion 
of  sound,  the  word  telephone  is  not  applied.] 

The  only  telephones  much  used  are  those  in  which  the  trans- 
mission is  effected  electrically.  There  are  mechanical  telephones, 
sometimes  used,  in  which  mechanical  impulses  are  transmitted  along 
tlie  connecting  wire  ;  but  in  electric  telephones  it  is  an  undulator)' 
electric  current  that  passes. 

In  all  electric  telephones  we  have  a  transmitter  into  which  the 
message  is  spoken,  and  a  receiver  which  again  utters  the  message : 
tiiese  two  instruments  may  be  identical  or  different  in  form. 

In  some  telephones  the  speaking  of  the  messages  causes  an 
undulatory  current  to  spring  into  existence  :  and  this  again  causes 
the  receiver  to  utter  the  message.     In  such,  there  is  no  external 

/ .  -    -.  "  k'^  -\«,.  ^  -      -■•  ■ 
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^anurce  of  current  needed.   In  other  telephones  there  is  an  external 

■'^'ftource  of  current,  and  the  speaking  of  the  messages  causes  this 

"^^eviously  existing  current  to  become  undulatory. 

"^-     §  12.  The  Bell  Telephone.— The  most  complete  form  of  tele- 

'phone,  for  general  use,  is  that  invented  by  Graham  Bell,  called,  after 

''Kisname,  ^c  Bell  telephone.  In  this  instrument  no  external  source  of 

current  is  needed,  and  it  can  act  either  as  receiver  or  as  transmitter. 

In  the  figure  we  have  a  section  of  the  instrument ;  from  this 

the  construction  can  be  explained.     E  is  the  mouthpiece  into  which 

.we  speak;  M  is  a  bar-magnet  of  about  four  inches  long;  B  is  a 

~-  Inng  coil  of  very  fine  insulated  wire  surrounding  the  pole  of  the 

■"   magnet;  C  C  are  the  terminal  screws;  and  finally,  D  is  a  vibrating 

membrane  made  of  soft  iron  and  very  thin      When  we  speak  into 


the  mouthpiece,  the  soft  iron  diaphragm  vibrates  in  exact  accord 
with  the  air-waves  impinging  upon  iL  This  acts  inductively  upon 
the  steel  magnet,  and  alters  the  number  of  marked  lines  of  force 
piercing  the  coil  of  fine  long  wire.  This  gives  rise  to  induced 
currents  in  the  coil;  these  will  be  feeble,  but  of  high  E.M.F. 
Hence,  when  we  speak  into  the  transmitting  instrument,  we  cause 
utidutatory  'currents  to  pass  along  the  line  wire,  these  undulations 
answering  to  the  air  vibrations,  and  therefore  answering  to  the 
words  spoken. 

These  currents  arrive  at  the  receiving  instrument,  and  there 
pass  round  the  coiL  This  alters  the  magnetism  of  the  magnet's 
pole,  and  this  again  causes  the  iron  diaphragm  to  vibrate.  Finally, 
this  iron  diaphragm,  vibrating  in  exact  accord  with  that  of  the 
transmitter,  will  cause  the  air  to  vibrate,  and,  when  the  ear  is  held 
close  to  the  instromenj,  the  words  of  the  message  will  be  heard. 


It."  . 
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It  is  to  be  noticed  that  the  vibrations  of  the  diaphragm  of  1 
transmitter  to  and  fro  will  give  rise  to  induced  currents  in  opi 
directions  respectively  ;  and  that  in  the  receiver  these  currents 
strengthen  or  weaken  the  magnet  pole,  and  therefore  attract  fui 
or  release  somewhat  the  diaphragm  of  the  transmitter  respectivdjil 
Hence,  the  to  and  fro  vibrations  of  the  one  diaphragm  will  bew-l 
produced  in  the  other. 

Sensitiveness  of  the  telephone, — This  telephone  is  of  remarkable' 
sensitiveness.  By  it  we  can  detect  currents  too  faint  to  affect  an] 
ordinary  galvanometer,  provided  that  the  currents  are  undulatory, 
or  at  least  subject  to  abrupt  variations  in  strength.  Hence,  in 
many  cases  the  telephone  can  be  used  as  a  very  delicate  galvano- 
scope. 

If  a  telephone  (protected  by  a  bridge  when  necessary)  be  in  a 
secondary  circuit  such  as  that  of  a  RuhmkorfF's  coil,  the  note  that 
it  emits  will  indicate  the  number  of  induced  currents  passing  per 
second;  or  the  number  of  makes-and-breaks  per  second  in  the 
primary  circuit.  It  has  been  used  in  investigations  regarding  the 
stratifications  that  appear  in  vacuum  tubes;  and  it  has  thrown  light 
upon  the  relation  that  these  bear  to  the  number  per  second  of 
induced  currents,  and  also  to  the  steadiness  of  the  contact  maker 
in  the  primary. 

In  the  circuit  of  a  '  Gramme,^  the  telephone  shows  plainly,  by 
emitting  a  note,  that  the  current  is  really  undulatory,  though  for 
many  purposes  it  acts  as  if  continuous. 

Induction  disturbances  on  telephonic  lines. — The  great  sensitive- 
ness of  telephones  is  a  source  of  difficulty  in  their  practical  use 
If  the  return  be  made  through  the  earth,  conversation  cannot  as  a 
rule  be  carried  on  at  all.  For,  what  with  earth  currents  and  leak- 
age from  other  circuits,  the  instrument  emits  a  continuous  bubbling 
or  frying  sound  that  drowns  the  faint  '  speech.'  Return  wires  are 
therefore  always  used.  But  even  then  there  is  much  induction  if 
the  wires  run  anywhere  near  ordinary  telegraph  wires ;  and  it  re- 
quires a  very  special  method  of  laying  the  telephone  wires  to 
reduce  the  Babel  of  sounds,  due  to  these  induced  currents,  to 
comparative  silence. 

Details  as  to  the  precautions  taken  will  be  found  in  more 
technical  works. 


^ 
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§  13.  Telephones  with  External  Source  of  Current.— The 

telephone  is  a  wonderful  instrument,  certainly ;  it  acts  as 

mitter  or  receiver,  and  it  requires  no  battery  to  work  it.    But 

must  be  remembered  that  the  currents  transmitted  by  it  are 

small  indeed,  and  that  consequently  the  message  is  delivered 

the  receiving  instrument  in  a  very  faint  way. 

To  obviate  this  difficulty,  telephones  have  been  invented  which 

e  use  of  strong  currents  driven  by  an  external  source,  such  as 

Leclanch^  cell. 

^  .  EdisorCs  carbon  transmitter  is  an  example  of  this  class   of 
-  ^^Ddephpne.     This  instrument  has  a  mouthpiece  and  a  vibrating 

V  "Inetallic  diaphragm,  but  no  magnet  or  coil.  At  the  back  of  the 
'    lliiaphragm  is  a  button  of  carbon,  this  resting  against  a  piece  of 

metal.  As  the  diaphragm  vibrates  the  carbon  will  make  better  or 
worse  contact  with  the  pieces  of  metal  touching  it  on  the  two 
sides  ;  better  contact  when  it  is  pressed  harder,  worse  when  it  is 
somewhat  released.  Now  the  two  pieces  of  metal  and  the  carbon 
between  them  form  part  of  the  circuit  of  a  Leclanchd  or  other 
cell.  Hence,  as  the  diaphragm  vibrates,  the  current  flowing  in 
this  circuit  will  vary  in  strength,  the  variations  corresponding 
exactly  to  the  original  sound  vibrations.  Now  this  current  forms 
the  primary  to  a  small  induction  coil,  the  secondary  wire  of  which 
"*  is  in  circuit  with  the  line  to  the  distant  station.  No  current  will 
t".   flow  in  the  secondary,  and  therefore  none  through  the  line,  so 

V  long  as  the  primary  is  steady.     But  when  some  one  speaks  to  the 
transmitter  and  thus  causes  variations  to  occur  in  the  primary, 

!^  tKen  will  there  be  currents  induced  in  the  secondary,  in  exact 
!■-  accord  with  the  air  vibrations  of  the  speech  uttered  to  the  trans- 
^  mitter.  These  currents  traverse  the  line  to  the  distant  station, 
^  and  the  receiver  (which  we  may  suppose,  e,g.^  to  be  a  Bell  telephone) 
..    will  reproduce  the  original  speech. 

§  14.  Microphones. — Professor  Hughes  found  that  when  in  a 
,^     circuit  there  is  a  loose  contact,  or  still  better  a  group  of  loose 
X.     contacts,  the  current  is  exceedingly  sensitive  to  even  very  slight 
\.     mechanical  disturbances,  such,  e.g.^  as  those  produced  by  sound- 
■  waves  impinging  upon  the  loose  contact  or  upon  the  stand  sup- 
porting the  same.     Undulations  are  produced  in  the  current  that 
is  passing,  and  these  undulations  are  so  exactly  in  accord  with 
the  mechanical  vibrations  to  which  they  are  due,  that  a  telephone 
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included  in  the  circuit  will  reproduce  with  greater  or  less  distinct- 
ness the  sounds  spoken  near  the  loose  contact. 

An  instrument  constructed  on  the  principle  and  for  the  object 
indicated  above  is  called  a  microphone. 

It  is  found  that  loose  contacts  of  carbon  give  the  most  striking 
results,  and  so  in  the  usual  form  of  instrument  a  carbon  rod 
rests  loosely  between  two  other  carbon  pieces.  If  a  fly  walk  over 
the  stand  of  this  instrument,  the  faint  jarring  due  to  its  tread 
produces  undulations  in  the  current  passing,  and  a  telephone  in 
the  circuit  will  give  out  what  we  may,  not  however  very  exactly, 
call  the  *  sound '  of  the  fly's  tread. 

§  15.  PropertieB  of  Selenium.  The  Photoplione. — It  is  well 
known  that  in  general  the  electrical  resistance  of  bodies  depends 
upon  their  temperature,  and  varies  with  it  either  inversely  or 
directly. 

There  seems  no  reason  to  doubt  but  that  whenever  radiant 
energy  (whether  this  consist  of  rays  whose  chief  action  is  heatings 
or  of  rays  remarkable  chiefly  for  the  impressions  of  light  that  they 
produce  when  they  impinge  upon  the  retina)  impinges  upon  a 
body,  the  molecules  of  that  body  are  to  a  greater  or  less  degree 
affected ;  and  that  consequently  the  electrical  resistance  of  the 
body  is  affected. 

Now  it  is  found  that  the  body  selenium^  at  least  when  in  one 
of  its  several  physical  conditions,  is  affected  in  this  way  to  a  very 
remarkable  degree.  Even  when  the  longer  waves,  those  whose 
action  is  par  excellence  *  heating,'  are  sifted  out  of  the  ray,  so  that 
the  radiation  left  is  remarkable  mainly  for  its  action  upon  the 
retina  and  for  its  chemical  action,  still  the  effect  produced  upon 
selenium  is  very  great.  Hence  one  often  hears  of  '  the  action  of 
light  on  selenium.'  In  order  to  exhibit  or  use  this  variability  in 
conductivity,  we  must  construct  what  is  called  a  selenium  cell  In 
one  form  of  this  there  are  two  separate  spirals  of  wire  wound 
round  a  cylinder  of  hard  wood  or  of  other  insulating  material 
These  spirals  are  separated  from  each  other,  but  run  parallel  to, 
and  close  to,  one  another  through  all  their  length.  The  one  spiral 
is  attached  to  the  one  end  of  the  battery  circuit,  the  other  spiral  to 
the  other.  So  that  the  circuit  is,  as  far  as  we  have  described  it, 
broken,  but  the  two  halves  run  close  to  each  other  for  a  considerable 
length  and  in  a  compact  manner.     The  space  between  the  two 
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spirals  is  now  filled  up  with  selenium,  which'  is  melted  on.  We 
^hus  have  the  circuit  completed  by  what  is  equivalent  to  a  strip  of 
selenium  of  very  small  length  for  the  current  to  traverse,  but 
of  very  great  width.  Thus  the  resistance  is  small,  while  the 
action  of  the  radiant  energy  upon  the  selenium  ought  to  produce 
9.  relatively  great  effect  upon  the  current,  there  being  such  an 
extent  of  selenium  to  be  acted  upon. 

With  the  help  of  such  a  *  selenium  cell'  a  piece  of  apparatus,  called 
a  photophone^  has  been  constructed,  by  means  of  which  sounds,  and 
even  articulate  speech,  can  be  transmitted  from  a  distance.  It  is  so 
contrived  that,  on  speaking  to  the  transmitting  instnunent,  a  beam  of 
light  reflected  from  it  to  the  receiving  station  varies  its  intensity  in 
exact  accordance  with  the  vibrations  due  to  the  voice.  The  beam 
fells  on  a  selenium  cell,  which  is  in  a  circuit  with  a  battery  and  a 
telephone.  The  resistance  of  the  cell  varies  with  the  variations  in  the 
beam,  and  so  also  does  the  current.  Hence  the  current  at  the 
receiving  station  varies  in  accordance  with  the  vibrations  due  to  the 
voice  at  the  transmitting  station,  and  the  telephone  thus  reproduces 
the  sounds  uttered. 

ELECTRIC   LIGHTING. 

§  16.  General  Account  of  Electric  Lighting. — Illumination  by 
means  of  electricity  is  effected  in  two  main  ways.  We  will  give 
a  brief  preliminary  description  of  each  of  these,  and  will  then 
proceed  to  some  detail. 

(i.)  Incandescent  lighting, — In  the  one  system  a  thin  conducting 
filament  is  heated  to  whiteness  by  the  passage  of  a  current.  The 
filament  is  usually  or  always  enclosed  in  a  vacuous  glass  vessel, 
and  hence  is  not  consumed.  Here  we  have  simply  a  case  of 
Joule's  law :  if  the  resistance  be  R  and  the  current  be  C,  we  have 
given  out  per  second  radiant  energy  measured  in  watts  by  C^  R. 
It  is  necessary  to  make  the  filament  small  and  highly  resisting, 
so  that  the  radiant  energy  may  be  intense  in  quality,  i,e.  so  that 
the  temperature  may  be  very  high. 

(ii:)  Arc  lighting, — If  we  have  a  battery  of  high  E.M.F.  and  a 
circuit  of  not  too  great  resistance  (forty  Bunsen's  cells  of  fair  size 
will  fulfil  these  conditions),  and  the  current  be  passed  through  two 
rods  of  hard  carbon  which  first  touch  one  another,  the  point  of 
contact  will  soon  glow  and  attain  a  dazzling  brilliancy ;  and  if  now 

■5  F 


434 


ELECTRICITV 


the  carbons  be  slightly  separated,  the  current  will  continue  to  flow 
across  the  interval  in  the  intensely  dazzling  continuous  dischaige 
known  as  the  electric  arc.  The  illumination  seems  to  be  doe  b) 
the  intense  ignition  of  a  stream  of  caibon  particles  that  are  ecu 
tinually  transported  from  the  +  to  the  —  terminaL  The  area 
be  deflected  by  a  draught  of  air,  or  by  being  acted  upon  by 
magnetic  field.  Its  length  depends  upon  the  current-strength ;  it. 
upon  the  E.M.F.  of  the  battery  and  the  total  resistance  in  the 

It  is  found  that  the  arc  is  the  seat  of  a  reverse  E.M.F.  t, 
against  which  the  current  is  driven  by  the  battery,  and  that  also 
it  offers  resistance  R  as  does  a  conductor.  Hence  the  radiant 
energy  evolved  per  second  in  the  arc  is  expressed  in  watts  by  the 
sum  of  the  two  activities  C  e  and  C*  R.  Here  then  we  have  net  a 
simple  case  of  Joule's  law. 

§  17.  The  luoandeuent  'Lamp.' — The  substance  chosen  for 
the  'filament'  spoken  of  in  §  16  (i.)  is  now  invariably  airieii. 
This  substance  possesses  the  great  advan- 
tages of  being  practically  infusible  and  of 
being  a  very  good  radiator. 

The  main  difficulty  encountered  in  its 
use  was  that  of  obtaining  a  filament  that 
should  be  at  once  thin  enough,  and  at  the 
same  time  tough  and  not  liable  to  break. 
Edison  found  the  suitable  material  in  the 
1  prepared  fibres  of  a  certain  kind  of  bamboa 
'an  and  others  acted  upon  cotton  thread 
or  fine  strips  of  card  with  strong  sulphunc 
acid,  and  then  carbonised  the  tough  threads 
thus  obtained. 

In  the  figure  is  shown  a  Swan  lamp. 
It  will  be  observed  that,  in  order  to  give  a 
greater  amount  of  light  within  the  same  space,  the  filament  is 
given  a  twist  into  one  or  more  spirals.  Near  the  ends  the 
filament  is  thicker  ;  this  is  to  obviate  any  great  heating  near 
the  points  of  support,  as  this  would  lead  to  the  breakage  of  the 
filament 

If  the  globe  be  filled  before  exhaustion  with  a  hydrocarbon  gas 
instead  of  with  air,  the  slight  residue  that  always  exists  even  in 
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"^  ^  good  *  vacuum  *  will  act  rather  to  strengthen  the  filament  by 
deposition  of  carbon  than  to  weaken  it  by  combustion. 

It  is  found  that  the  carbon  filament  is  slowly  dispersed  and 
otherwise  weakened  by  continued  use.  Each  lamp  has,  in  fact,  a 
definite  *  life '  that  is  usually  expressed  in  *  hours  of  use  with  so 
many  amperes,  or  in  *  ampere-hours.' 

*  Candles  per  horse-pmver^  in  incandescent  lamps.  — It  is  of 
great  interest  and  importance  to  know  the  average  relations  be- 
tween the  candle-power  of  an  incandescent  lamp,  and  the  horse- 
power expended  upon  the  lamp. 

We  know  that  the  activity  in  watts  expended  upon  the  lamp 
is  C?  R,  where  C  is  the  current  in  amperes  and  R  is  the  resist- 

ance  of  the  lamp  in  ohms.     Or  it  is  measured  by  — --  (approx.) 
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in  English  horse-power.  The  unit  by  which  we  usually  measure 
candle-power  is  very  arbitrary  and  somewhat  uncertain  ;  it  is  the 
illumination  given  by  a  wax-candle  of  a  certain  form  in  which 
120  grains  of  wax  are  consumed  per  hour.  It  is  fairly  evident 
that  the  desired  relation  must  be  established  by  experiment,  and 
cannot  be  calculated. 

'  In  'Nature,'  vol.  xxiv.  p.  270,  may  be  found  a  series  of 
results  obtained  by  Sir  W.  Thomson  and  Mr.  J.  T.  Bottomley. 
It  is  found  that  if  we  wish  to  obtain  such  a  degree  of  ignition 
only  as  shall  give  the  lamp  a  chance  of  a  fairly  long  life,  we  must 
be  content  with  from  200  to  250  candles  per  horse-power.  It 
must  be  noticed  that  we  obtain,  for  the  same  horse- power  ex- 
pended, better  luminous  effects  if  we  employ  high  temperatures. 
The  total  radiant  energy  emitted  each  second  from  several  lamps 
moderately  heated  may  equal  that  emitted  from  one  lamp  intensely 
heated  ;  but  the  radiation  from  the  former  may  be  useless  from 
the  luminous  point  of  view.  We  should  therefore  raise  the  lamp 
to  as  high  a  temperature  as  is  compatible  with  its  safety.  From 
what  we  have  said,  then,  it  is  evident  that  the  expression  C^  R 
does  not  give  us  a  measure  of  the  light,  but  only  of  the  total 
radiant  energy,  emitted  per  second  by  the  lamp. 

The  resistance  of  a  lamp  varies. — As  the  temperature  of  carbon 
rises^  its  resistance  decreases.     Hence  the  resistance  R  of  the 
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lamp  is  not  constant.     In  order  to  calculate  the  watts  or  hmt-  ^ 
poiver  expended  on  the  lamp  when  any  definite  current  C  is 
running,  it  is  necessary  to  measure  the  difference  of  potential 
Eb  existing  between  the  terminals  of  the  lamp  at  the  time.    The 

expression  C  x  Eb  gives  us  the  required  number  of  watts  without 
error.     We  can  measure  C  by  means  of  a  galvanometer  of  low 

resistance  included  in  the  circuit,  and  Eb  by  means  of  a  potential 
galvanometer  of  high  resistance  {see  Chapter  XIV.  §  ii)  con- 
nected up  with  the  terminals  of  the  lamp. 

§  1 8.  Arrangementof  Incandescent  Lamps  in  Parallel.— The 
simplest  manner  of  arranging  a  number  of  incandescent  lamps 
of  equal  resistance  is  to  connect  them  in  parallel  with  two 
stout  conductors  that  are  connected  with  the  two  terminals  of  the 
dynamo  respectively.  The  lamps  are  of  equal  resistance,  and 
possess  no  reverse  E.M.F.  Hence  the  current  between  the  two 
stout  conductors  (which  we  may  add  are  called  leads)  is  divided 
equally  between  the  lamps.  If  one  lamp  be  turned  off,  the 
current  that  now  flows  is  divided  between  the  others. 

Referring  to  the  case  of  *  m  equal  branches,'  discussed  in 
Chapter  XIII.  §  9,  II.,  let  us  suppose  that  here  the  resistance  of 
each  lamp  is  R;  that  of  the  rest  of  the  circuit,  including  the 
dynamo,  is  negligible ;  and  that  the  E.M.F.  is  E.  Then,  when 
the  m  lamps  are  arranged  in  parallel,  the  equivalent  resistance  p 

will  equal      :  and  the  current  will  be  C= —  =  -=^.    Now  the 
m  I  o         R 

m 

T  .  E 

current  flowing  in  each  will  be  —  C,  or  will  be  —  .      Therefore, 

m  R 

under  the  not  quite  attainable  conditions  assumed,  viz.  of  zero 

resistance  in  circuit  and  in  dynamo,  the  turning  off  or  on  of  any 

lamps  would  not  alter  the  current  flowing  through  each  of  the 

remaining  lamps  ;  for,  if  w  lamps  were  left,  we  should  have  for 

T  /wF  E 

each  lamp  a  current  that  is    th  of  -  -  ,  or  should  have  —  as  before. 

;//  R  R 

We  may  put  the  matter  somewhat  differently.     In  order  to 

supply  each  lamp  of  resistance  R  with  a  constant  current  C,  it  is 

necessary  that  the  terminals  of  each  lamp  be  kept  at  a  constant 

^V  measured  by  E,  where  E  =  C  R.     Now  the  stout  conductors 
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between  which  the  incandescent  lamps  are  siting  have,  we  assume, 
Uro^  resistance,  and  are  therefore  each  at  one  potential  throughout 
its  length.  We  shall  then  attain  our  end  if  we  keep  these  copper 
/eads  at  the  required  ^V  measured  by  E.  But,  by  Ohm's  law,  if 
.we  have  zero  resistance  in  the  dynamo  and  leads,  it  follows  that 
the  whole  fall  of  potential  in  the  circuit  will  occur  across  the 
lamps,  and  none  will  occur  through  the  rest  of  the  circuit  That 
is,  the  /efiufs  will  be  maintained  at  the  full  -^V  measured  by  E, 
and  the  current  through  each  lamp  will  be  constant. 

In  practice,  however,  we  are  not  able  to  construct  an  armature, 
though  we  can  make  /^ds,  of  zero  resistance.  If  the  armature 
have  a  resistance  B,  while  the  resistance  of  m  lamps  in  parallel  is 

i  R,  then  the  total  resistance  of  the  circuit  is  B  +  —  R.    Hence 
m  m 

by  Ohm's  law  there  will  be  through  the  armature  a  fall  of  potential 

measured  by .  E,  while  the  AV  between  the  /eads  will 

B  +  i  R 
m 

i-R 

be  measured  by  the  remaining  fall  _^ E.    Now  as  m  in- 

B4--R 
m 

creases  this  expression  is  not  constant,  but  decreases.     Hence,  in 

practice  it  will  not  do  to  supply  a  set  of  lamps  in  parallel  from 

a  machine  of  constant  E.M.F,  E  ;  for  the  current  in  each  lamp 

will  decrease  as  the  number  of  lamps  increases.     We  must  have  a 

dynamo  in  which  E  increases  somewhat  when  m  increases,  and 

conversely.     This   condition   is   fulfilled   by  some   dynamo  of 

the  series  nature.     For,  as  m  (i.e,  the  number  of  lamps)  increases, 

the  total  resistance  which  is  measured  by  B  +  —  R  will  decrease  ; 

hence  C  increases, '  and  therefore  [from  the  nature  of  a  series- 
dynamo]  E  will  also  increase. 

§  19.  The  Economy  of  Incandescent  Lighting.— Supposing 
that  we  have  100  lamps,  each  of  50  ohms  resistance  when  hot,  ar- 
ranged in  parallel.  This  will  give  an  equivalent  resistance  of  but 
•5  ohm,  (We  will  neglect  the  resistance  of  the  leads)  If  we  wish 
to  use  90  per  cent,  of  our  energy  in  the  lamps,  and  waste  only  10 


438  ELECTRICITY  ciLini| 

per  cent  in  heating  the  dynamo,  then  by  Joule's  law  the  resistance' 
of  the  dynamo  must  bear  to  that  of  the  lamps  the  ratio  of  i  t09b 
That  is,  the  resistance  of  the  dynamo  must  be  but  'oj  ohms. 

Hence,  for  incandescent  lighting  we  must  have  dynamos  ia 
which  the  current  passes  only  through  very  thick  wire,  dynanw 
of  very  low  resistance.  If  the  current  demanded  by  each  lan^ 
be  I  2  amperes^  then  we  must  maintain  the  leads  at  a  AY 
measured  by  60  volts  \  since  by  Ohms  law  we  have  .     .    •   .  . 

E  =  C  .  R  =  1*2  X  50  =  60,  for  each  lamp. 

Again,  this  aV  will  be  -^  of  the  whole  fall  of  potential  given 
by  the  dynamo  ;  or  the  E,M,F.  demanded  of  the  dynamo  must 
be  V  X  60  =  66§  volts.  We  use  activity  measured  by  (i'2)*x  '5 
watts  \  and  we  waste  activity  measured  by  (i'2)*  x  'oj  watts. 

If,  as  we  have  done,  we  neglect  all  other  waste,  then  we  shall 

require  v^  ^1    ^  vJ  "^  '^5/  horse -power  to  do  work  at  the  rate  here 

required. 

The  relation  between  activity  and  candle-power  is  not  an 
exact  one,  since  the  latter  depends  upon  the  quality  of  the  radiant 
energy  emitted  per  second  as  well  as  upon  its  quantity.  But  it 
will  give  some  idea  of  the  relations  between  the  two  if  we  mention 
that  according  to  Mr.  Swan  (*  Nature,'  vol.  xxvi.  p.  358)  we  can 
obtain  at  least  200  candle-power  for  each  horse-power  of  activity 
evolved  in  the  lamp  (see  also  §  17). 

Another  authority  states  that,  allowing  for  10  per  cent,  waste 
in  heating  the  armature,  we  can  run  nine  twenty-candle  Swan 
lamps  per  horse-power.  This  estimation  agrees  practically  with 
the  last,  since  in  that  no  deduction  was  made  for  waste  in  the 
circuit. 

We  must  further,  if  we  aim  at  economy,  run  the  lamps  at 
as  high  a  temperature  as  is  consistent  with  their  safety ;  as  was 
explained  in  §  17. 

§  20.  The  Arc  Lamp. — In  the  figure  is  shown  a  simple  form  of 
arc  lamp,  such  as  is  now  used  only  for  lecture-room  purposes. 
Initially  the  two  carbons,  made  of  hard  gas  coke  or  of  some  other 
very  dense  form  of  carbon,  are  in  contact.  When,  however,  the 
current  is  well  established,  by  which  time  the  carbons  at  the  point 
of  contact  will  have  been  raised  to  a  very  intense  white  heat,  a  small 
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^clectro-tn^net  that  is  in  the  circuit  acts  upon  a  lever ;  and  this, 
by  means  of  a  clutch  that  acts  by  friction,  raises  the  rod  bearing 

-the  upper  carbon.    Thus  the  carbons  are  slightly  separated  and 
the   arc  is  established.      If  by 

'the  using  up  of  the  carbons  the 

.8(jace    between    becomes     too 

■great  and  the  current  becomes 
enfeebled,  the  electro -magnet's 

'hold  on  the  lever  and  clutch 
becomes  relaxed ;  and  the  latter 

.allows  the  upper  carbon  rod  to 

.slide  down  nearer  to  the  lower. 
When  ihe  current  again  rises 
to  its  proper  value,  this  slipping 
movement  is  checked  by  means 
of  the  electro- magnet.  If  the 
arc  be  entirely  broken,  it  can 
be  restored  only  by  the  car- 
bons coming  again  into  actual 
contact 

Appearance    of    the    arc. — 
With  the  naked   eye   the  arc 
cannot  be  studied  ;  the  extre-  j" 
mities  of  the  carbons  and  the  _ 

arc  itself  presenting  a  dazzling  "    " 

hquid  brightness  that,  with  the  consequent  irradiation  effect,  baffles 
■  analysis.  Through  dark  glass  we  can,  however,  study  the  arc ; 
and  we  then  see  that  the  source  of  the  light  lies  in  the  extremities 
of  the  carbons,  whence  the  arc  springs  across,  and  in  the  arc  itself 
This  latter  presents  a  flame- like  appearance. 

Mechanical  transport  of  carion.^^Whca  thus  examined,  or 
when  a  magnified  image  is  thrown  upon  the  screen  by  means  of  a 
lantern,  it  is  seen  that  one  carbon  becomes  hollow  after  some  time. 
By  actual  measurements  of  weight  it  seems  that  it  is  the  +  carbon 
that  wastes  most,  there  being  a  continual  transport  of  particles 
from  it  across  to  the  —  carbon  ;  and  that  the  hollow  appearance 
of  this  latter  is  due  to  the  fact  that  this  stream  of  transported  par- 
ticles is  deposited  upon  it  in  a  crater-like  manner.  Of  course 
both  carbons  are  also  consumed  slowly  when  the  arc  is  exposed  to 
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the  action  of  the  air.     The  transference  from  +  to  —  caibtmiB    ,  - 
therefore  best  shown  when  the  arc  is  used  in  vacuo. 

This  mechanical  transport  is  obviated  by  the  use  of  alternate' 
current  machines. 

Temperature  of  the  arc. — According  to  some  experiments  (t 
M.  Rosetti,  of  Padua,  the  +  carbon  attains  the  higher  tempera- 
ture. These  temperatures  vary  when  the  current  varies.  Tbc 
experimentalist  in  question  believes  that  we  can  regard  the  - 
carbon  to  attain  2,500**  C,  and  the  -f  carbon  3,200**  C,  at 
least. 

Definition  of  equivalent  resistance, — If  under  any  given  condi- 
tions of  dxW\ng-E,M.F.  E,  &c.,  we  remove  the  arc  and  substitute 
such  a  resistance  p  that  the  current  remains  unaltered,  then  p  is 
called  the  equivalent  resistance  of  the  arc.     The  reader  will  re- 
member (see  §  16)  that  the  arc  offers  a  reverse  E.M.F.  as  well  as  a 
resistance    Hence  the  expression  *  equivalent  resistance '  has  not  the 
simple  meaning  of  Chapter  XI 11.  ;  its  exact  meaning  will  be  dis- 
cussed in  §  22.     It  must  carefully  be  noticed  that  we  do  not  here 
in  the  least  imply  that  under  all  conditions  we  could  substitute  p 
for  the  lamp  without  altering  the  current ;  but  only  that  under  the 
given  conditions  the  one  is  equivalent  to  the  other. 

§  21.  The  Eeverse  E.M.F.  of  the  Arc— If  by  means  of  some 
form  of  quadrant  electrometer  we  examine  the  two  carbons  after 
the  arc  has  been  established,  we  find  a  large  AV  existing  between 
them,  varj'ing  in  general  from  25  to  55  volts. 

Now  if  we  consider  any  two  points  in  a  circuit,  there  will  be  a 
certain  AV  between  them.  If  r„  be  the  resistance  between  these 
two  points,  V^  the  AV  between  them,  and  C  the  current,  and  if 
there  be  no  source  of  E.M,F.  between  these  points,  then  by 
Ohm's  law  we  have  F^  =  r^ .  C.  In  such  a  case  we  get  double  of 
V^  if  we  choose  points  such  that  the  resistance  between  them  is 
double  of  r^,  e.g.  if  on  a  uniform  wire  we  take  two  points  sepa- 
rated by  double  the  former  distance,  C  being  constant. 

But  in  the  case  of  the  arc  we  find  that  the  AV  is  nothing  like 
doubled  if,  when  C  is  maintained  constant,  we  double  the  length 
of  the  arc.  In  fact  it  is  found  that  the  AV  between  the  carbons, 
or  V^y  consists  of  two  parts ;  the  one  part  is  a  reverse  E.M.F.  (f^ 
while  the  other  part  follows  Ohm's  law  and  is  measured  by  r^  C, 
where  r  is  the  true  resistance  of  the  arc,     M.  Edlund,  in  his  ex- 
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ariments,  found  that  the  total  A  V  between  the  carbons  was  thus 
^^^impose^.   .  We  may  then  wTite 

V,  =  ^  H-r  C, 

%3nderstanding  that  of  the  two  constituents  of  V^  by  far  the  larger 
^  ^«. 

M;  Edlund  even  detected  the  reverse  E.M.F.  Ca  as  existing  for 
i,  fraction  of  a  second  after  the  current  had  ceased  to  flow. 

It  is  worthy  of  remark  that  we  have  here  a  somewhat  new  case 
bf  transformation  of  energy.  We  expend  activity  to  the  amount 
of  C  .^a,  against  the  reverse  E.M.F.  e^  \  and* we  get  an  equivalent, 
not  in  chemical  activity  as  in  an  electrolytic  cell,  nor  in  me- 
chanical activity  as  in  a  motor,  but  in  heat  activity. 

§  22.  *  Equivalent  Besistance*  in  an  Arc  lamp. — Consider 
the  terminals  A  and  B  of  an  arc  lamp,  the  AV  between  these 
terminals  being  V^. 

Now  if  E  be  the  E.M.F.  of  the  dynamo,  the  fall  F^ occurs  in 
the  lamp,  and  the  remaining  fall  (E  —  V^)  occurs  in  the  rest  of 
the  circuit.  If  we  remove  the  lamp  from  between  its  terminals 
and  insert  the  equivalent  resistance  {see  definition  in  §  20),  the  AV 
.  V^  must  remain  unaltered,  otherwise  the  fall  of  potential  through 
the  rest  of  the  circuit,  and  therefore  the  current,  would  be  altered, 
which  would  be  contrary  to  the  definition  of  equivalent  resist- 
ance. 

In  the  first  case,  therefore,  we  have 

V«  =  ^«i-  r«C; 

and  in  the  second  case  we  have • 

V.  =  pC. 

Whence  p  =  -^^  =  ^-^—^  - . 
...  ....  .  -     -  ,     -     ^ 

Now  it  is  found  that  V^  does  not  vary  in  proportion  to  the 
current  C,  but  that,  within  certain  limits  of  current,  it  remains 
fairly  constant.  Hence,  as  we  hinted  in  §  20,  /[>  is  not  a  constant 
at  all,  but  it  varies  inversely  as  C  approximately,  within  certain 
limits  of  C. 

Example,— Ont  form  of  arc  lamp  used  in  the  Brush  system 


442  ELECTRICITY  ch.  ntt^' 

requires  ten  amperes  current    The  AV  between  its  poles,  or  F,, 
is  about  fifty  volts.    Here,  then,  we  have 

p^si^^i^t.  ohms. 

Hence,  on  the  assumption  that  a  current  of  ten  amfircs  is  to 
be  maintained,  we  may  in  our  calculations  substitute  five  ohm 
resistance  for  each  lamp. 

§  23.  Series  Arrangement  of  Arc  Lamps. — Since  the  reveise  \ 
E.M.F.  of  a  lamp  varies  from  zero,  when  the  carbons  are  in  con- 
tact, to  fifty  volts  or  so  when  the  lamp  is  in  full  power,  it  would  be 
impossible  to  arrange  arc  lamps  in  parallel  We  could  not  insure 
any  equality  of  distribution  even  for  a  moment,  and  the  system 
would  be  eminently  unstable. 

We  must,  therefore,  arrange  the  lamps  in  series,  so  as  to  insure 
the  same  current  passing  through  each.  Even  then  there  are 
difficulties  that  have  been  overcome  by  means  of  numy  very 
ingenious  regulating  contrivances. 

We  must  consequently  employ  machines  of  very  high  E,M,R ; 
and,  if  we  desire  to  avoid  the  waste  that  ensues  if  the  armatures 
have  a  high  resistance,  we  must  obtain  this  high  E,M,F,  in  part 
at  least  by  exceedingly  rapid  rotation  of  the  armature  {see  formula, 
Chapter  XX II I.  §  2).  It  is  usual  to  employ  alternate  cunrent  1 
machines,  as  these  can  be  readily  constructed  to  give  high  E,M,F^^ 
and  as  we  thereby  waste  the  carbons  equally. 

As  an  example  let  us  suppose  that  we  wish  to  light  twenty  Brush 
lamps  in  series.  With  the  necessary  current  of  ten  amperes  we 
may  count  each  lamp  as  equivalent  to  five  ohms.  Hence,  if  E  be 
the  required  E.M.F.,  we  must  by  Ohm's  law  have 

E  =  C  R  =  10  X  (5  X  20  4-  RO  volts^ 

where  R'  is  the  resistance  offered  by  the  dynamo  and  the  rest 
of  the  circuit.  If  R'  be  about  10  per  cent,  of  the  total  resistance, 
we  must  have 

E=iox  (100  +  ^^ )  =1111-  volts. 
V  9   /  9 

Dangers  from  currents  of  high  E,M.R — This   explains  the 

dangerous  character  of  the  currents  employed  in  arc  lighting  as 

compared  with  those  employed  in  incandescent  lighting.    If  a 

person  touch  with  one  hand  a  wire  conveying  a  current  at  such  a 
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;5^^  E.M.F.  as  the  above,  he  may  form  a  branch  circuit  in  conse- 
^^^lence  of  leakage  to  earth  ;  and  at  this  high  E.M.F.  a  fatal 
^^mrent  may  pass  through  him.     The  effects  of  alternate  currents 
^^Mi  the  human  frame  are  far  more  serious  than  are  those  of  con- 
^^uous  currents.     Of   course  contact  with  two  hands  is  even 
:iDore  dangerous.     Instant  death  has  occurred  in  both  these  ways. 
There  are  of  course  fire  risks,  due  mainly  or  entirely  to  the  igni- 
tion of  wires  by  the  passage  of  successive  currents. 

For  an  account  of  the  various  means  by  which  arc  lamps  are 
f<^ulated,  we  must  refer  the  reader  to  more  technical  works.  To 
ituch  works  we  must  also  refer  him  for  descriptions  and  figures 
of  other  forms  of  electric  lamps,  as  the  Jablochkoff  candle^  Jamins- 
lamp,  Werdermann!s  lamp^  the  Sun  lamp^  &c. 

§  24.  Further  Bemarks  on  the  Use  of  Arc  Lamps. 

For  the  reason  given  before,  viz.  that  it  is  only  the  radiant  energy 
of  high  temperature  that  is  useful  for  illumination,  arc  lamps  are  more 
Economical  than  incandescent  lamps ;  but  of  course  this  holds  only* 
when  the  areas  to  be  illuminated  are  sufficiently  great  to  demand 
such  powerful  centres  of  illumination.  Small  arc  lamps  are  not 
economical,  nor  indeed  can  they  "be  readily  kept  steady ;  hence  for 
hoases  the  incandescent  is  the  only  practicable  light.  On  the  same 
principle  it  is  more  economical,  though  often  not  at  all  convenient,  to 
expend  our  horse-power  on  one  large  lamp  than  on  several  small  ones. 
One  obvious  consideration  is  as  follows  :  that  as  we  must  have  arc 
lamps  in  series,  and  as  two  smaller  lamps  in  series  will  give  a 
combined  reverse  E.M.F,  that  is  very  much  greater  than  that  of  one 
large  lamp,  the  same  current  that  will  maintain  the  latter  in  full  action 
may  be  totally  unfit  to  maintain  the  former. 

In  order  to  insure  economy  in  working  it  is,  as  a  rule,  better  to 
construct  dynamos  specially  for  the  particular  work  for  which  they  are 
intended,  and  not  to  use  the  same  dynamo  for  a  large  and  for  a  small 
number  of  lamps  in  series. 


MORE  RECENT  MEASURING  INSTRUMENTS. 

§  25.  Current-meters  or  Ammeters. — As  was  observed  at  the 
end  of  Chapter  XVII.,  practical  measuring  instruments  must  be 
independent  of  the  earth's  magnetic  field,  and  must  not  be 
affected  by  such  magnetic  disturbances  as  are  of  usual  occur- 
rence. 
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We  require  hvo  classes  of  such  instruments.  Firstly^  ^l^. 
necessarily  more  delicate  'standard  instruments,'  by  means  iti^ 
which  we  can  from  time  to  time  test  and  calibrate  the  ordinaiy 
*  working  instruments  ' ;  and  secondly^  a  rougher  and  more  portable 
type  of  instrument,  whose  construction  can  be  varied  to  suit  W^ 
various  requirements.  ^ ' 

Standard  instruments, — Our  standard  instrument   should  M 
delicate,  uninfluenced   by   external   magnetic   disturbances,  and 
capable  of  measuring  large  or  small  currents.     Moreover  its  de- 
flexions should  be  proportional  to  the  currents  causing  them; 
and  its  *  constant'  should  not  change  perceptibly  in  (say)  a  few 
months. 

All  these  requirements  are  met  very  fairly  indeed  by  a  modi- 
fied form  of  a  permanent-magnet  instrument,  an  'improved 
Deprez-d'Arsonvale  galvanometer.' 

In  this  instrument  a  coil  of  fine  wire,  wound  on  a  copper 
frame  for  damping  purposes  {see  §  27),  is  suspended  between  the 
poles  of  a  permanent  horse-shoe  magnet  whose  lines  of  force  lie 
more  or  less  in  the  plane  of  the  coil.  The  current  is  conveyed  to 
and  from  the  coil  by  means  of  very  fine  wires — [Professors  Ayrton 
and  Perry  use  very  fine  flat  wires  of  phosphor-bronze] — which 
give  practically  no  torsion-couple  for  usual  deflexions  of  the  coiL 
Embedded  in  the  coil,  and  lying  along  the  lines  of  force  when 
the  coil  is  in  its  zero  position,  are  a  number  of  small  needles  of 
soft  iron. 

When  a  current  passes  through  the  coil,  the  field  acts  on  the 
coil  with  a  deflecting  couple  tending  to  set  it  at  right  angles  to  its 
'  zero-position '  ;  and  it  also  acts  on  the  soft  iron  needles  with  a 
couple  that  tends  to  restore  the  needles  and  coil  to  their  zero- 
position  ;  and  the  final  deflexion,  indicated,  as  shown  on  p.  284, 
by  lamp,  minor,  and  scale,  is  such  as  gives  equilibrium  between 
these  two  couples.  The  particular  value  of  getting  rid  of  a  tor- 
sional restoring  couple,  and  substituting  for  it  a  magnetic  restoring 
couple,  is  that  even  considerable  changes  in  the  magnetism  of 
the  permanent  magnet  produce  no  change  in  the  value  of  the 
deflexions  ;  since  both  deflecting  and  restoring  couples  are  affected 
alike. 

The  galvanometer  is  usually  *  shunted  '  off  the  main  circuit ; 
and,  by  varying  suitably  the  resistance  of  the  shunt  and  that  in 
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galvanometer  circuit,  we  may  arrange  the  instrument  so  as  to 
;ure  currents  of  any  strength  in  the  main  circuit  [see  Chapter 
§  10].     The  instrument  is  calibrated  by  electro-chemical 
jans  ;  details  of  such  calibration  will  be  found  in  practical  text- 
^>Qoks. 

It  then  serves  to  calibrate  other  instruments;  these  instru- 
ments being  placed  in  the  main  circuit,  currents  of  various  strengths 
toeasured  by  the  [shunted]  standard  instrument  being  passed 
through  them,  and  their  readings  being  noted. 

Ammeters  in  which  soft  iron  is  used, — In  a  very  large  number 
of  ammeters  the  field  due  to  the  current  causes  movement  in  a 
piece  of  soft  iron,  and  this  causes  an  index  to  move.  The  de- 
flecting moment  so  caused  is  balanced  usually  by  a  torsional 
couple,  or  by  the  moment  of  a  *  weight '  about  an  axis.  In  most 
of  such  instruments  there  may  be  very  large  errors  due  to  resi- 
dual magnetism,  if  currents  of  very  different  magnitudes  be 
measured  soon  after  one  another.  Such  errors  can  best  be 
obviated  by  having  the  iron  used  both  very  soft  and  very  thin. 

Solenoidal  Ammeters. — More  accurate,  though  usually  less  port- 
able and  more  expensive,  are  instruments  in  which  current  passes 
through  two  coils,  one  of  which  is  movable.  Suth  an  instrument 
was  alluded  to  in  Chapter  XVII.  §  15.  Here  the  action  is  between 
the  two  coils  only ;  there  is  no  soft  iron,  and  therefore  no  errors 
due  to  residual  magnetism. 

Sir  W.  Thomson  has  devised  accurate  instruments  based  upon 
this  principle. 

^  DeflexionaV  and   ^  zero^   instruments. — We  may  for  some 
purposes  divide  measuring  instruments  into  two  classes : 
(L)  those  in  which  >¥e  observe  the  deflexion  of  an  index, 
(ii.)  and  those  in  which  a  measured  force  or  couple  brings  the 
index  back  to  zero. 

Concerning  (i.)  it  may  be  said  that  they  enable  us  to  see  at 
once  the  magnitude  of  the  current  [or  other  quantity  to  be 
measured],  and  to  observe  changes  in  it.  But  the  range  of 
movement  of  the  index,  and  therefore  the  range  of  measurement, 
is  usually  not  great ;  and  the  divisions  on  the  scale  are  usually 
not  very  proportional  to  the  current  [&c.],  since  the  arm  of  the 
couple  acting  on  the  coil  or  piece  of  soft  iron  usually  changes 
owing  to  its  movement  in  the  field. 
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Concerning  (ii.)  it  may  be  said  that  we  get  a  far  larger  langsiM     . 
measurement  by  a  suitable  choice  {e.g.)  of  torsion  wire;  and,i^^,t 
there  is  no  movement  in  the  field,  the  deflecting  couple,  adB^^^ 
therefore  also  the  restoring  couple,  is  proportional  to  the  canaJB'^ 
or  to  the  square  of  the  current.    But  it  is  inconvenient  not  toW'^ 
able  to  observe  at  once  changes  in  the  current.  1\3 

By  means  of  a  *  magnifying  spring'  Professors  Ayrtonjfflir" 
Perry  have  contrived  to  make  deflexional  instruments  in  wUiff 
the  index  has  a  long  range  of  movement,  and  yet  the  piece  of  sok  IP' 
iron  moves  but  very  slightly.    Thus  these  instruments  possess  tt  W 
a  large  measure  the  two  main  characteristic  advantages  of  die  w^ 
*  zero  type '  of  instrument  I 

§  26.  VoltmeterB. — Most  voltmeters  are  practically  sim^  I 
ammeters  in  which  the  resistance  is  very  great  as  compared  with  I 
the  resistance  lying  between  the  points  whose  A  V  we  wish  to  I 
measure  [see  Chapter  XIV.  §  1 1].  It  is  clear  that  if  the  resist- 1 
ance  of  the  voltmeter  changes,  the  A  V  between  the  terminals 
that  answers  to  a  certain  deflexion  will  change  also.  This  is  a  I 
source  of  error  in  all  such  voltmeters. 

The  Cardew  Voltmeter. —Yi^^  have  a  wire  so  shielded  that  it 
is  not  subject  to  variable  currents  of  air,  then  its  rise  in  tempera- 
ture and  consequent  elongation  will  depend  only  upon  the  magni- 
tude of  the  current  traversing  it ;  that  is,  upon  the  A  V  existing 
between  its  terminals 

On  this  principle  Cardew  constructed  his  *  heated  wire  volt- 
meter.' One  of  its  great  advantages  is  that  it  can  be  used  for 
alternating  currents  also. 

[It  is  evident  that  if  the  wire  is  to  change  in  temperature 
readily,  and  to  heat  and  cool  rapidly,  it  must  be  very  fine,  and 
therefore  be  of  high  resistance.  Hence  the  Cardew  instrument, 
based  upon  the  above  principle,  is  adapted  for  a  voltmeter^  but  not 
for  an  ammeter]. 

By  another  ingenious  application  of  their  '  magnifying  spring' 
Professors  Ayrton  and  Perry  have  contrived  to  produce  an  instru- 
ment of  this  type  that  is  of  much  smaller  size  and  greater  sensi- 
tiveness, and  in  which  the  waste  of  electric  energy  is  much  less. 

§  27.  *  Damping '  in  Ammeters  and  Voltmeters.— It  is  usually 
of  considerable  importance  that  the  index  of  the  instrument 
should  rapidly  come  to  rest 


3UtT..     VARIOUS  APPLICATIONS  OF  ELECTRICITY        447 

The  method  of,  *  damping '  by  means  of  induced  eddy-cur- 
ts  [see  Chapter  XXIL  §  2]  is  often  employed.  Thus  ordinary 
e- galvanometers  usually  have  copper  plates  under  the  needles; 
some  instruments  the  needle  is  of  such  a  shape  that  it  can 
entirely  enclosed  in  a  copper  cylinder ;  and,  in  the  Deprez- 
^*Arsonvale  instrument,  described  in  §  25  of  this  chapter,  the 
*>aovable  coil  is  wound  on  a  copper  frame  that  moves  with  it  in 
tifcie  magnetic  field.  In  some  of  their  more  recent  instruments 
I^fessors  Ayrton  and  Perry  have  made  use  of  the  '  viscosity  of 
iir ' ;  and,  by  attaching  to  the  index  a  vane  fringed  with  fine 
leathers,  have  succeeded  in  getting  a  very  dead-beat  action. 

§  28.  Wattmeters. — It  is  often  desirable  to  measure  the  waUs 
expended  in  some  particular  portion  of  a  conductor,  as  e.g,  in  an 
incandescent  lamp.  We  might  measure  separately  the  AV  in 
w//s  between  the  extremities  of  the  conductor,  and  the  current  in 
amperes  flowing  through  it,  by  means  of  voltmeters  and  ammeters 
lespectively.  But  instruments  have  been  devised  which  will  give 
us  the  wat^s  more  directly. 

As  it  is  necessary  to  see  such  instruments  in  order  to  under- 
stand them  thoroughly,  we  here  give  merely  a  representative 
diagram,  illustrating  the  principle. 


Let  L  represent  an  incandescent  lamp,  and  A  B  its  terminals  ; 
let  Eg  be  the  A  V  between  its  terminals,  and  C  the  current 
flowing  through  it  F  is  a  coil  of  fine  wire  of  relatively  very  high 
resistance  ;  so  that  the  current  C  that  flows  through  it  is  insigni- 
ficant as<:ompared  with  C.  Of  course  C  is  proportional  to  E  J, 
assuming  that  the  resistance  of  F  does  not  alter  perceptibly. 

E  is  a  coil  cf  stout  wire,  through  which  passes  the  whole  cur- 
rent (C+C). 
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In  leali^,  the  coils  F  uul  E  are  part  of  one  and  the  same  1 
instniment ;  and. one  of  the  two,  say  F,  is  movable.      If  the  I 
instrument  is  of  the  'Isero  typa*  we  caii  bring  back  F  to  its  a 
position  by  a  measured  force  or   torsion -con  pie.     The  electro- 
magnetic force  that  we  thus  balance  and  measure  is  of  couise  I 
proportional  to  the  .product  C'>:(C+C');  that  is,  very  nearlyto 
C  X  C,  since  C  is  rdatively  small  so  that  (C  )*  can  be  ncglectti  | 
But  C  is  proporti<Hial  to  E^     Hence  our  measured  force  oi 
torsion-couple  is  proportional  to  the  walls,  E*  x  C,  expended  is 
the  lamp. 

Mr;  Swinboume  has  devised  a  means  of  elimmatlng  the  small 
error  mentioned  above. 

As  regards  the  fine  coil  F,  the  waltmeter  is  subject  to  error 
due  to  change  of  resistance  with  changing  temperature. 
(jUv>T  §  39-  Int^atin^  iDrtramentB.  Coulomb-meters.— Though 
it  is  generally  recognised  that  it  is  energy,  or  {quantity)  x  [difference 
of  potential),  that  should  be  measured  and  paid  for,  and  not 
quantity  alone,  yet  instruments  designed  to  measure  the  total 
quantify  supplied  with  varying  current- strength  are  worth  noticing. 
We  can,  however,  give  but  a  brief  description  of  one  t>pe  only.  | 
Of  course  if  the  4  V  between  the  '  leads,'  where  they  enter  the 
house,  remains  constant,  then  the  total  quantity  supplied  will  be 
proportional  to  the  total  energy  supplied  ;  and  this  may  very  well 
be  the  case  where  the  house  is  supplied  for  incandescent  lighting 
only,  since  for  this  the  A  V  should  be  constant. 

Dr.  Aran's  ''Pendulum'  Coulomb-meter. — This  instrument  is 
in  detail  somewhat  complicated  ;  but  the  principle  of  its  action, 
which  is  all  that  we  can  give  here,  is  easily  explained.  A  clock, 
that  under  ordinary  conditions  keeps  accurate  time,  has  its  bob 
composed  mainly  or  partly  of  a  permanent  magnet  of  very  hard 
steel.  The  current  passes  round  a  solenoid  of  thick  wire,  so 
placed  as  to  give  a  vertical  magnetic  field  symmetrical  with  respect 
to  the  pendulum-hob  when  this  latter  is  in  its  lowest  position. 
The  direction  of  the  current  and  the  polarity  of  the  bob  are  such 
that  when  the  current  passes  there  is  a  force  directed  vertically 
upwards,  acting  on  the  bob. 

When  the  curtent  passes,  then,  the  practical  effect  is  to  change 
the  gravitational  constant^into  some  slightly  smaller  value  (^— *)■ 
The  upward  magnetic  force  acting  on  the  bob  must  be  very  small 


^. 
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•^  compared  with  its  weight ;  or  k  must  be  very  small  as  compared 
^ith  g.  And  the  field  must  not  be  so  strong  as  to  alter  the 
^^ength  of  the  magnet  When  these  two  conditions  hold  it  can 
fe^  shown  that  the  increase  of  the  time  T  of  a  complete  oscillation 
Vdue  to  the  weakening  of  the  total  downward  pull  on  the  bob]  is 
approximately)  in  direct  proportion  to  the  current-strength. 

Hence  the  amount  of  *  time  lost '  by  the  clock  during  each 
minute  is  also  directly  proportional  to  the  average  current  strength 
during  that  minute.  And  so,  finally,  the  total  *  time  lost '  by  the 
clock  during  the  day  will  be  a  measure  ot  the  total  quantity  of 
electricity  that  has  passed  during  that  day.  [In  infinitesimal  nota- 
tion it  will  measure  I  C^/.] 

§  30  Integrating  Instruments.  Energy-meters — It  is,  how- 
ever, a  far  more  important  matter  to  measure  total  energy  supplied. 
Professors  Ayrton  and  Perry  have  devised  an  instrument  by  means 
of  which  this  may  be  done.  In  general  respects  it  is  like  the 
instrument  last  described  ;  but  the  bob  of  the  pendulum  is  a  coil 
of  fine  wire  of  relatively  very  high  resistance  \see  Chapter  XIV. 
§  11].  The  terminals  of  this  coil  are  connected  with  the  two 
*  leads '  by  which  the  electrical  energy  to  be  measured  is  being 
supplied ;  and  thus  at  each  moment  the  current  C  passing 
through  this  fine  coil  is  directly  proportional  to  the  A  V  between 
these  *  leads.*  The  main  current  C,  in  comparison  with  which  C 
is  negligible  owing  to  the  *  relatively  very  high  resistance '  of  the 
fine-wire  bob,  passes  through  two  fixed  coils  of  very  thick  wire 
situated  one  on  each  side  of  the  bob  when  this  latter  is  in  its 
lowest  position. 

Again,  as  in  §  29,  we  have  the  practical  effect  that  the  gravita- 
tional constant  g  is  altered  into  {g^k).  But  in  the  present  case  the 
value  of  k  is  proportional  to  the  product  CC,  and  not  to  C  alone ; 

that  is,  is  proportional  to  the  product 

(current)  x  (A  F"  between  the  leads) ; 

or  to  the  watts  supplied  to  the  house  at  each  moment.  Hence 
the  *  loss  of  time '  during  each  minute  is  a  measure  of  the  icatts 
supplied  during  that  minute  ;  and  the  total  *  loss  of  time '  in  the 
day  is  a  measure  of  the  total  electric  energy  supplied  during  the 

day.     [In  infinitesimal  notation  it  will  measure    W,  dt^  where  W 

represents  the  watts  at  the  time  /.] 
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§  31.  Testing  of  Coulomb-meten  and  Energy-meten.— By 

means  of  ammeters  and  voltmeters  it  is  not  difficult  to  see  how  the 
instruments  just  described  can  be  tested  and  their  constants 
found.  But  a  description  of  the  manner  in  which  this  is  done  in 
practice  would  be  out  of  place  here  ;  indeed,  the  student  should 
go  through  a  laboratory  course  if  he  wishes  to  understand  the 
details  of  the  use  and  calibration  of  measuring  instruments. 

DISTRIBUTION   BY  ALTERNATING  CURRENTS  AND 

*  TRANSFORMERS.' 

§  32.  General  Principle  of  the  System. — One  of  the  most 
important  problems  in  electrical  engineering  is  how  to  supply  a 
district  with  electrical  energy  from  a  central  station,  without  either 
an  undue  percentage  of  waste  in  the  *  leads '  from  having  loo  thin 
wires,  or  undue  expense  from  having  these  too  massive. 

Now,  in  Chapter  XXIV.  §  8  we  saw  that  power  could  be 
transmitted  from  a  distance  along  thin  leads  with  economy  and 
on  a  sufficiently  large  scale,  provided  that  we  used  a  high  *  driving 
E.M.F. '  in  the  dynamo,  and  also  a  high  *  reverse  E.M.F. '  in  the 
motor.  And,  again,  we  could  attain  the  same  desired  result  in  the 
case  of  incandescent  lamps  if  only  their  total  resistance  were  very 
great  as  compared  with  the  resistance  of  the  leads.  As,  however, 
incandescent  lamps  are  worked  *in  parallel,' their  combined  resist- 
ance will  not  be  relatively  high  if  the  leads  be  long  and  thin. 

The  system  named  above  aims  at  solving  the  problem  in  what 
we  may  call  a  third  way ;  and  we  will  briefly  describe  the  principle 
of  this  system,  it  being  now  of  considerable  importance. 

Let  us  suppose  that  there  are  upon  the  same  soft  iron  core 
two  coils  of  wire  ;  one  composed  of  many  turns  of  very  fine  wire, 
and  the  other  of  fewer  turns  of  very  thick  wire  ;  and  let  an 
alternating  current  be  sent  through  the  fine-wire  coil. 

Then  we  have  an  instrument  that  resembles  a  Ruhmkorft's 
coil,  in  which  the  long  fine  coil  is  chosen  z.^  primary^  and  the  short 
thick  coil  as  secondary.  Instead,  therefore,  of  obtaining  small  cur- 
rents of  high  E.M.F.  by  means  of  large  currents  of  low  E.M.F., 
we  conversely  obtain  large  currents  of  low  E,M,F,  by  means  of 
small  currents  of  high  E.M.F, 

When  the  secondary  circuit  is  closed  there  will  be  [by  mutual 
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iiduction]  a  reverse  E,M,F,  induced  in  the  primary.  Thus  if  E 
be  the  E,M.F,  of  the  dynamo,  and  the  reverse  E.M,F.  in  the 

primary  be  tf,  while  the  resistance  of  the  whole  primary  circuit  is 

p     ^ 

R,  there  will  be  a  current,  C,  measured  by       - ,  and  this  may  be 

K. 

very  small.  The  energy  given  each  second  to  the  secondary  cir- 
cuit will  be  C  ^  watts.     Thus  we  have 

/  C  E  watts  supplied  by  dynamo, 

C  (E— ^)  watts  wasted  in  heat, 

C  e  watts  usefully  expended  in  induction  on  the  secondary, 

and  -  will  measure  the  efficiency. 
E 

Note. — In  all  the  above  we  have  wished  only  to  give  the  principle  of  the 
action.  Hence  we  have  used  the  simple  symbols  C,  E,  and  e,  as  if  we  were 
dealing  with  steady  currents.  To  deal  properly  with  alternating  currents  is  a 
matter  for  a  more  advanced  book  than  the  present. 

It  is  found  that  instruments  of  this  kind,  called  for  obvious 
reasons  *  Transformers,'  can  be  so  constructed  as  to  give  a  high 
efficiency,  and  also  [which  is  a  different  matter]  plenty  of  current  in 
the  secondary  circuit.  We  can  thus,  for  reasons  referred  to  in 
Chapter  XXIV.  §  8,  use  Meads'  of  thin  wire  and  small  cost 
without  much  percentage  waste.  The  central  station  supplies  the 
whole  circuit  with  an  alternating  current  of  high  E.M.F.  ;  and 
each  house  can  have  a  transformer,  suited  to  its  requirements, 
from  the  secondary  of  which  it  draws  its  supply. 


QUESTIONS  AND   EXAMPLES. 


CHAPTER   I. 

1.  It  is  sometimes  found  that  two  magnetic  poles,  which  at  some  distance 
apart  repel  one  another,  will  attract  one  another  when  they  are  brought  nearer.    ^  /^  ';  ^^ 
Account  for  this.  •  ^  ■  •  ^ 

2.  Explain  the  statement  that  *  repulsion  of  the  pole  of  a  magnetic  needle       "^      ^ 
is  the  only  certain  test  that  the  body  presented  to  it  is  a  magnet.'  ,  'Mi^/  .j^ 

3.  You  are  required  to  convert  the  blade  of  a  pen-knife  into  a  magnet,  ^^1  d>j.. 
having  Xhit point  for  its  jm//// -seeking,  or  — ,  pole.      How  would  you  do  this  ?  A/yr,^  , 

4.  How  could  you  show  experimentally  that  in  the  case  of  action  between 
a  magnet  and  a  piece  of  iron  the  law  that  *  action  and  reaction  are  equal  and 
opposite  '  holds  good  ? 

5.  How  would  you  treat  a  needle  if  you  wished  to  give  it  a  ;^r/// -seeking 
pole  at  each  end,  and  a  j^7«/// -seeking  pole  at  the  centre  ? 

6.  Give  any  reason  that  occurs  to  you  to  account  for  the  fact  that  white-hot 
iron  exhibits  no  magnetic  properties. 

7.  A  number  of  soft  iron  needles  are  floating  in  a  vertical  position  on  small 
and  separate  bits  of  cork  in  a  vessel  of  water  ;  they  are  very  close  to  one  another. 
A  powerful  magnetic  pole  is  held  above  the  group.  Mention,  and  explain, 
any  vertical  and  horizontal  movements  that  will  take  place. 

CHAPTER   11. 

1.  A  stone  traverses  2  kilomitres  in  i  J  minutes.  What  is  its  velocity  in 
C.G.S.  units? 

2.  In  a  certain  moving  body  there  is  observed  a  steady  increase  of  velocity ; 
the  velocity,  added  each  3  minutes^  being  a  velocity  of  30  mhtres  per  20 
seconds.     What  is  this  acceleration  in  C.G.S.  units? 

3.  A  mass  of  2 J  kibgramtnes  loses,  each  2\  minutes y  a  velocity  of  300 
mitres  per  2  hours.     Express  in  dynes  the  force  acting. 

4.  Two  forces,  of  30  dynes  and  40  dynes  respectively,  act  on  a  material 
particle  at  right  angles  to  one  another.  Find  the  magnitude  of  their  resultant, 
and  the  angle  that  it  makes  with  the  direction  of  the  smaller  force. 

5.  A  force  of  5000  dynes  is  resolved  into  others  acting  at  right  angles  to 
one  another.  One  of  these  is  3000  dynes.  Find  the  other  component,  and 
the  angle  that  it  makes  with  the  original  force. 
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6.  One  couple  has  an  arm  of  i  m^tre,  and  each  force  is  600  dyms.  Another 
couple  in  an  opposite  direction  has  each  force  20  dynes.  What  must  be  its 
arm  in  order  that  it  may  just  balance  the  former  ? 

7.  In  a  magnetic  needle,  the  pole  has  a  strength  of  20  C.G.S.  units,  and 
the  length  between  the  poles  is  12  cms.  What  is  the  magnetic  moment  of 
the  needle  ? 

8.  In  a  certain  magnetic  field  a  pole  of  strength  13  is  urged  with  20  dynei 
force.     What  is  the  strength  of  the  field  ? 

9.  A  magnetic  field  has  strength  12.  In  it  is  placed  a  needle  of  magnetic 
moment  10,  so  as  to  be  at  right  angles  to  the  lines  of  force.  With  what  couple 
is  the  needle  urged  ?     Explain  the  italicised  expressions. 

10.  A  pole  of  strength  20  is  placed  in  a  magnetic  field  in  which  another 
pole  of  strength  6  was  urged  with  13  dynes  force.  With  what  force  is  the 
former  pole  urged  ?  And  what  is  the  component  of  this  force  in  a  direction 
making  30°  with  the  lines  of  force  of  the  field  ? 

CHAPTER  III. 

1.  In  a  field  of  strength  20  is  placed  a  magnetic  needle  of  pole-strength  6, 
and  length  8  rwj.,  lying  at  right  angles  to  the  line  of  force.  What  is  the 
magnitude  of  the  couple  with  which  the  field  acts  upon  the  needle  ? 

2.  In  the  same  field  is  placed  a  needle  of  magnetic  moment  15,  making 
an  angle  of  30°  with  the  lines  of  force.     What  is  the  couple  in  this  case  ? 

3.  There  is  a  soft  iron  mast  in  a  certain  ship,  and  (he  ship's  compass  is 
placed  between  the  foot  of  the  mast  and  the  stern  of  the  vessel.  Describe  in 
general  terms  how  the  presence  of  the  mast  will  affect  the  indications  of  the 
needle  in  each  of  the  following  cases. 

(i.)  At  the  magnetic  equator,  when  the  ship  lies  N  and  S,  E  and  W,  S  and 
N,  and  N  W  and  S  E  respectively. 

(ii.)  In  latitudes  about  45°  north,  for  the  same  positions  of  the  ship  re- 
spectively. 

(iii. )  At  the  north  magnetic  pole. 

Hence,  make  a  comprehensive  general  statement  as  to  the  general  nature 
of  the  disturbances  due  to  such  a  vertical  iron  mast. 

4.  Discuss  in  a  similar  manner  the  action,  on  the  needle,  of  a  horizontal 
beam  of  soft  iron  running  right  across  the  vessel  between  the  compass  and 

the  bows. 

5.  Explain,  with  formulae  also,  how  to  use  the  torsion  balance  so  as  to  com- 
pare two  magnetic  fields  ;  assuming  the  magnetic  moment  of  the  needle  to 
remain  constant.     Point  out  clearly  the  importance  of  this  assumption. 

6.  How  would  you  use  the  torsion  balance  to  compare  the  magnetic  moments 
of  two  needles  ;  assuming  that  each  can  be  in  turn  attached  to  the  thread  of  the 
same  torsion  balance  ?     Use  formulae  also. 

7.  What  considerations  justify  the  statement  that  it  is  a  more  complicated 
matter  to  compare  the  magnetic  moments  of  two  needles  by  the  method  of 
oscillations  than  by  the  method  of  (6)  ? 
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8.  A  small  magnetic  needle,  placed  at  a  certain  distance  from  the  pole  of  a 

^Kxmagnet,  is  found  to  make  12  oscillations  per  minute ;  the  lines  of  force  due  to 

le  magnet  having,  in  the  neighbourhood  of  the  small  needle,  the  same  direction 

those  due  to  the  earth.    When  in  the  same  position  with  respect  to  the  pole 

cif  another  magnet  that  gives  just  twice  as  strong  a  field  as  the  former,  it  makes 

M.$  oscillations  per  minute.     How  many  oscillations  per  minute  would  it  make 

u  the  earth's  field  alone  ? 

9  A  needle  makes  9  oscillations  per  minute  in  a  certain  magiietic  field. 
How  many  vsiM  it  make  when  re-magnetised  so  that  its  magnetic  moment  is 
lialf  as  great  again  as  before  ? 

10.  Assume  that  in  a  certain  room  the  earth's  field  has  been  neutralised, 
jind  that  there  a  small  needle  makes  20  oscillations  per  minute  when  4  inches 
distant  from  the  pole  of  a  magnet.  How  many  will  it  make  when  3  inches 
distant  ?    [Neglect  here  the  other  pole  of  the  magnet.] 

11.  Two  poles  of  strength  +10  and  —  8  respectively  are  placed  20  centi- 
mitres  apart.     Find  in  dynes  the  stress  between  them  ;  interpreting  the  sign. 

12.  If  it  be  desired  for  the  purpose  of  experiment  to  neutralise  as  far  as 
possible  the  earth's  field  about  a  needle,  how  would  you  do  it  ?  And  how 
would  you  test  whether  or  no  the  desired  result  had  been  attained  ? 

13.  How  would  a  truly-balanced  dip-needle  behave  under  the  following 
conditions  ?  Its  plane  of  swing  is  in  the  magnetic  meridian  ;  and  a  bar-magnet 
is  placed  in  a  horizontal  position  symmetrically  on  one  side  of  it,  with  the 
«^rM-seeking  pole  pointing  north  and  the  j^7»M-seeking  pole  pointing  south. 

14.  A  needle,  oscillating  at  two  different  places,  makes  80  oscillations  in  3 
minutes,  and  100  oscillations  in  4  minutes^  respectively,  when  acted  upon  by 
the  earth's  horizontal  field  only.  Compare  the  horizontal  fields  at  the  two 
places  respectively.  ^Tiat  assumption  with  respect  to  the  needle  do  we  here 
make? 

15.  Given  that  the  earth's  horizontal  field  has  a  strength  measured  by  '5, 
and  that  the  dip  is  30°,  at  a  certain  place ;  required,  (i. )  the  total  field -strength, 
(ii. )  the  vertical  component,  at  that  place. 

16.  A  needle  vibrates  in  a  horizontal  plane  under  the  earth's  horizontal 
field,  and  makes  16  oscillations  per  minute.  How  many  oscillations  per  minute 
would  it  make  where  the  horizontal  field  is  stronger  in  the  ratio  of  9  to  4  ? 

CHAPTER  IV. 

1.  A  person  is  seen  to  bring  a  rod  near  to  a  magnetic  needle,  and  this 
latter  is  thereby  deflected.  What  further  experiment  would  you  direct  him  to 
perform  in  order  to  determine  whether  the  observed  action  is  magnetic  or 
electrical  ? 

2.  Some  mercury  contained  in  a  dry  glass  vessel  is  connected  by  a  wire 
with  a  gold-leaf  electroscope.  The  end  of  a  dry  glass  rod  (unexcited)  is 
gently  dipped  into  the  mercury  and  is  then  suddenly  withdrawn.  Describe 
and  explain  what  happens  in  the  two  cases  respectively. 

3.  A  soap-bubble  is  blown  at  the  end  of  a  narrow  insulated  tube,  and  the 
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other  end  of  this  tube  is  then  closed.     Explain  what  occurs  when  the  whdeii 
charged  with  electricity. 

4.  Discuss  the   statement   that    '  repnilsion   is   the  only  certain  sgn  tf 
electrification.*  *" 

5.  Suggest  any  experiments  tending  to  prove  that  an  electric  charge  resides 
on  the  surface  only  of  an  electrified  conductor. 

6.  Given  two  charged  bodies,  and  that  it  is  required  to  determine  wbedxr 
or  no  their  charges  are  equal  and  of  opposite  signs.  Explain  why  it  is  an 
accurate  test  to  drop  them  both  into  a  hohow  conducting  vessel  placed  opn 
the  plate  of  the  gold-leaf  electroscope,  and  not  an  accurate  test  to  lay  the  two 
bodies  on  the  plate. 

7.  A  small  insulated  conducting  sphere  charged  with  4  units  of  +  electiidtj 
is  at  a  distance  of  2  cms,  from  an  identical  sphere  charged  with  2  units  of 
—  electricity.  What  is  the  stress  between  them,  in  dytus  ?  And  what  will  be 
the  stress  if  they  are  made  to  touch  one  another  and  are  then  removed  to  the 
same  distance  apart  ? 

S.  How  would  you  show  that  a  charge  +  Q  induces  on  surronndiog 
earth -connected  surfaces  an  equal  and  opposite  —  Q  ? 

9.  A  sheet  of  tin- foil  is  rolled  upon  an  ebonite  rod  and  is  electrified  so  that 
a  pair  of  pith-balls,  suspended  from  the  foil  by  cotton  threads,  diverge  widely. 
On  unrolling  the  foil  it  is  observed  that  the  balls  divei^  less  widely.  Explain 
this  action  by  reference  to  definite  electrical  principles. 

10.  A  charged  conductor  is  placed,  insulated,  inside  a  hollow  conductor 
also  insulated.    The  latter  is  put  to  earth  for  a  moment  and  is  then  re-insalated 
When  the  charged  conductor  is  removed,  in  what  condition  is  the  hollow  con 
ductor  left  ?    Suggest  any  further  experiment  needed  to  prove  the  truth  of  your 
statement. 

11.  Vou  are  given  a  charged  and  insulated  body  A  ;  a  hollow  insulated 
conducting  vessel  B  ;  and  a  larger  hollow  insulated  conductor  C.  The  vessel 
B  can  be  placed  entirely  inside  C  without  touching  it,  and  A  can  be  placed 
inside  B  without  touching  it.  Show  how  it  is  possible  to  give  to  C  any  multiple 
of  the  chaise  on  A,  and  this  without  bringing  A  into  contact  with  anything. 

{NoU, — The  methods  of  §  16  are  to  be  followed.) 


CHAPTER   V. 

1.  How  is  the  distribution  on  an  insulated  conductor  affected  by  .     ,    .    . 
(i. )  The  shape  of  the  conductor  ? 

(ii.)  The  position  of  surrounding  bodies? 

Is  the  potential  of  the  conductor  affected  by  these  conditions  ;  and,  if  so, 
in  what  way  ? 

2.  A  sphere  of  gun-cotton  and  a  metal  sphere  of  much  lai^er  radius,  both 
uncharged  and  insulated,  are  rubbed  together  and  then  separated.  What  will 
be  the  condition  of  the  two  respectively,  both  as  regards  quantity  of  charge  and 
as  regards  potential  ? 
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3.  {Note, — In  the  following  it  will  be  well  to  draw  first  a  figure  of  the 
Trangement  described. ) 

Two  thin  gold  leaves  are  suspended  within  an  ordinary  glass  flask  A,  by 
.  wire  which  is  fitted  air-tight  in  the  neck  of  the  flask  and  is  provided  with  a 
netal  knob  outside.  The  flask  is  placed  in  a  larger  metal  vessel  B  which  is 
:onnected  with  earth  ;  the  vessel  B  reaches  up  to  the  level  of  the  top  of  the 
lask,  but  the  knob  projects  above  B.  A  wire-gauze  cylinder  C,  closed  at  one 
snd,  is  inverted  over  the  flask,  resting  on  its  shoulders ;  this  gauze  cylinder  is 
insulated  from  B  and  from  the  knob,  and  the  gold  leaves  in  A  hang  down 
below  the  level  of  the  lower  edge  of  C.     State  and  explain  what  will  take 

place 

(i.)  when  a  -f-  electrified  glass  rod  is  held  over  the  system  ; 
(ii.)  when  water  is  then  poured  into  B  until  it  finally  touches  the  lower 
edge  of  C. 

4.  Explain,  using  a  diagram,  under  what  circumstances  a  conductor  may 
be  said  to  be  *  isolated.' 

5.  Explain,  with  a  diagram,  why  the  *  capacity  *  of  such  a  conductor  [con- 
sidered alone]  increases  when  it  is  brought  near  to  the  walls  of  a  room. 

CHAPTER  VI. 

1.  A  thin  sheet  of  ebonite,  coated  on  its  upper  side  with  tin-foil  extending 
to  within  some  distance  from  the  edges,  is  laid  upon  a  conducting  table.  The 
tin-foil  is  struck  with  dry  flannel,  and  some  pith-balls  are  dropped  upon  it. 
A  person  then  lifts  the  ebonite  from  the  table,  holding  it  by  its  edges  only. 
Explain  what  happens  at  each  stage  in  this  experiment. 

2.  A  person  holds  a  charged  Leyden  jar  by  its  outer  coating,  and  brings 
its  knob  into  contact  with  the  knob  of  a  similar  uncharged  jar  which  another 
person  holds  by  its  outer  coating.     Describe  and  explain  what  happens. 

3.  A  jar  is  charged  +  ly  while  its  outer  coating  is  to  earth.  It  is  then 
placed  upon  an  insulating  stand,  and  its  outer  coating  is  charged  + .  Discuss, 
in  a  general  manner,  the  final  condition  of  the  jar. 

CHAPTER  X. 

1.  Two  conductors,  A  and  B,  are  insulated  and  are  placed  near  to  one 
another. 

(i. )  A  is  charged  to  a  potential  -f  V.  What  will  be  the  potential  condi- 
tion of  B  ? 

(ii.)  If  A  be  charged  to  a  sufficiently  high  potential  it  is  observed  that  at 
last  a  spark  will  pass  between  A  and  B.  What  does  this  fact  prove  with 
respect  to  the  rise  of  potential  of  B  during  the  charging  of  A  ? 

{Note, — We  here  assume  that  the  passage  of  a  spark  indicates  the  attain- 
ment of  a  certain  diffierence  of  potential  between  A  and  B. ) 

2.  Two  small  pith-balls  are  each  of  mass  i  gramme.  They  are  suspended 
from  the  same  point  by  silk  fibres  each  10  centimetres  long,  and  of  negligible 
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mass.     They  are  then  electrified  so  that  each  string  is  inclined  30°tol(''^^ 
vertical.     How  many  units  of  electricity  must  each  ball  possess  ? 

{A/oie, — Take  moments  about  the  point  of  suspension,  equating  the 
trical  moment  and  the  gravitational  moment,  ^  being  assumed  to  be  981.)    H  ^^ 

3.  Two  small  balls,  each  of  mass  I  gratmney  are  suspended  from  the 
point  by  silk  fibres,  each  of  which  is  490^  centitnitres  in  length.     Takin| 
be  981,  show  that  when  each  ball  is  charged  with  a  unit  of  electricity  thej 
diverge  to  a  distance  of  i  centimetre  from  each  other. 

{Note. — This  example  is  taken  from  Professor  Gamett*s  lectures.) 

4.  Three  insulated  conducting  spheres,  A,  B,  and  C,  whose  radii  are » 
spectively  i,  2,  and  3  centimetres^  are  so  charged  that  their  respective  pott- 
tials  are  3,  2,  and  i  units  of  potentiaL     They  are  then  connected  by  wires  i 
negligible  capacity.     What  is  the  total  quantity  of  chaise,  what  is  the  tcul  1^  ^ 
capacity,  and  what  the  final  common  potential  of  the  system  ?  J'^' 

5.  A  small  insulated  charged  sphere  is  placed  near  the  knob  of  an  electro- 
scope, this  latter  being  previously  uncharged.  Explain  why  the  gold  \si^ 
diverge.     What  will  happen  if  we  interpose 

(i. )  an  ebonite  plate  ; 

(ii.)  an  insulated  and  uncharged  brass  plate  ; 

(iii. )  an  un-insulated  brass  plate, 

respectively,  between  the  charged  sphere  and  the  electroscope  ? 

6.  Find  the  capacity  of  an  insulated  sphere  that  is  10  centimetres  in 
diameter,  it  being  surrounded  by  a  concentric  sphere  10 '2  centimetres  in 
internal  diameter. 

7.  Find  in  absolute  electrostatic  units  the  capacities  of .     .     .     .    ... 

(i.)  an  isolated  sphere  of  10  centimetres  radius^ 

(ii. )  the  same  when  the  *  large  room,*  in  which  the  sphere  is  placed,  is  filled 

with  shellac  {specific  inductive  capacity  o") ; 

(iii.)  a  spherical  condenser  in  which  the  two  radii  are  lo  centimetres  and 
1 1  centimetres  respectively,  air  being  the  dielectric  ; 

(iv.)  a  cylindrical  Leyden  jar  in  which  the  radius  is  5  centimetres,  the  height 
of  the  tin-foil  20  centimetres,  the  thickness  of  glass  'i  centimetre,  and  the 
specific  ittductive  capacity  of  the  glass  is  1 76.  (The  jar  is  not  coated  with  tin- 
foil at  the  bottom  ;  only  round  the  side.)      ATf^u   -     <'<^^<^  ^  -- —   • 

8.  A  Leyden  jar  has  a  coated  surface  of  100  square  centimetres,  the  specific 
inductive  capacity  of  the  glass  is  I  '9,  and  the  thickness  is  '2  centimetres.  What 
would  be  the  diameter  of  an  isolated  metal  sphere  of  the  same  capacity  as  this 
jar? 

9.  A  condenser  consists  of  two  parallel  plates.  When  there  is  air  between 
them,  the  one  plate  A  is  put  to  earth,  and  the  other  B  is  charged  to  a  poten- 
tial V.  Next  the  plate  A  is  also  insulated,  and  a  sheet  of  ebonite  is  introduced 
between  the  two  plates.     How  is  the  potential  of  each  plate  affected  ? 

10.  A  sphere  is  charged,  and  is  placed  in  the  middle  of  a  Marge'  room. 
The  lines  of  force  and  equipotential  surfaces  are  marked  out  in  the  usual 
manner.  The  room  is  now  filled  with  a  medium  whose  specific  inductive 
capacity  is  greater  than  that  of  the  air  or  other  medium  that  previously  filled 
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'the  room.  Discuss  and  explain  any  change  in  the  system  of  lines  of  force  and 
equipotential  surfaces;  these  being  marked  out  on  the  same  principle  as 
Ijefore.. 

11.  Two  small  conductors  are  charged;  and,  when  placed  a  certain  dis- 
tance apart  in  air,  they  repel  each  other  with  a  certain  force.  They  are  then 
immersed  in  anhydrous  paraffin  oil,  having  their  charges  and  distance  apart 
unaltered.  Explain  in  a  general  way  what  alteration  will  be  observed  iii  the 
stress  between  them. 

12.  The  capacity  of  a  conductor  is  K,  and  it  is  charged  with  Q  units  of 
electricity.     How  many  ergs  work  were  done  in  charging  it  ? 

13.  An  insulated  conducting  sphere  of  given  radius  receives  a  given  charge. 
Another  sphere  of  equal  radius,  unchained,  is  made  to  touch  the  former,  and 
is  then  removed.  Show,  m  symbols,  how  to  find  the  energy  of  discharge 
attending  the  contact  between  them. 

14.  Discuss  the  case  of  the  last  section  when  the  radii  of  the  spheres  are 
unequal. 

15.  What  main  alterations  must  be  made  in  the  wording  of  §§  9-16  in 
order  that  the  results  there  given  may  apply  also  to  the  magnetic  fields  ? 

16.  What  will  be  the  magnetic  potential  of  a  point  situate  at  10  centimetres 
from  the  +  pole,  and  15  centimUres  from  the  —  pole,  of  a  bar-magnet,  the 
pole-strength  of  this  magnet  being  40  in  absolute  measure  ? 


CHAPTER  XI. 

1.  A  zinc  vessel  having  a  hole  at  the  bottom  is  filled  with  finely  powdered 
copper.  Underneath  this  vessel  is  an  insulated  copper  cylinder  open  at  both 
ends,  but  provided  internally  with  a  metal  tongue  that  reaches  across  from 
side  to  side  near  the  centre  of  the  cylinder.  The  former  vessel  is  put  to 
earth,  and  the  powdered  copper  drops  from  the  opening,  strikes  the  metal 
tongue  of  the  cylinder,  and  then  falls  clear  to  the  ground.  What  will  be  the 
condition  of  the  insulated  cylinder  when  the  action  has  proceeded  for  some 
time?     [Assume  the  view  of  §  4.] 

2.  A  plate  oi  pure  zinc  is  immersed  in  dilute  sulphuric  acid.  A  little 
copper-sulphate  is  then  mixed  with  and  dissolved  in  the  dilute  acid.  It  is 
observed  that  copper  is  instantly  deposited  upon  the  zinc,  and  that  after  this 
hydrogen  is  given  off  freely.  Of  what  nature  is  this  latter  action  ?  Explain ; 
comparing  with  any  similar  action  with  which  you  are  acquainted. 

3.  Into  a  platinum  dish  is  poured  some  acidified  solution  of  an  antimony 
salt,  and  then  a  piece  of  zinc  is  dropped  in.  The  platinum  is  found  to  acquire 
a  coating  of  metallic  antimony.     Explain  this  action. 

4.  In  Question  2,  what  will  be  the  action  if  more  copper-sulphate  solution 
|)e  poured  in  ? 

5.  In  Question  3,  what  will  be  observed  if  there  be  plenty  of  acid,  but 
very  little  antimony  salt,  in  the  solution  ? 

6.  Explain,  with  a  figure,  how  you  would  arrange  matters  if  you  wished  to 
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try  whether  an  electric  current  could  be  obtained  from  two  given  liquids  and  a 
single  given  metal. 

7.  Under  what  circumstances  does  a  *  constant'  battery  become  polarised 
and  fall  off  in  power  ? 

CHAPTER  XII. 

1.  A  copper  dish  contains  an  unacidulated  solution  of  copper-sulphate, 
and  in  it  is  suspended  a  plate  of  lead  so  as  not  to  touch  the  copper.  The  dish 
is  connected  with  the  —  pole  of  a  battery,  and  the  lead  with  its  +  pole. 

(i. )  What  changes  take  place  ? 

(ii. )  What  happens  when  the  battery  is  removed,  and  the  copper  dish  is 
connected  by  a  wire  with  the  lead  plate  ? 

2.  The  poles  of  a  single  Daniell's  cell  are  connected  with  two  platinum 
plates  immersed  in  dilute  sulphuric  acid,  and  a  galvanometer  is  included  in 
the  circuit.  What  is  observed  (i. )  the  moment  that  the  circuit  is  completed ; 
(ii. )  and  after  a  time  ?  If  we  remove  the  DanielPs  cell  and  complete  the 
circuit  without  it,  what  is  observed  ? 

3.  In  the  last  question  what  difference  does  it  make  if  we  employ  two 
Daniell's  cells  arranged  in  series  ? 

4.  If  a  *  storage  battery '  be  charged  by  a  djmamo  running  at  full  speed, 
and  if  then  the  speed  of  the  dynamo  (and  therefore  its  electro-motive  force)  fall 
off,  the  connections  remaining  unaltered,  what  may  happen  ? 

5.  How  would  you  prepare  a  secondary  battery  to  give  an  E.  M.  F.  greater 
than  that  of  the  primary  battery  employed  in  the  charging  ? 

6.  How  would  you  construct  a  secondary  battery  if  you  required  a  current 
at  a  moderate  E.M.F.  but  to  last  a  long  time  ? 

7.  Compare  the  action  and  theory  of  a  secondary  battery  and  of  a  Leyden 
jar  respectively. 

8.  Given  a  number  of  uncharged  secondary  cells  capable  of  giving  an 
E.M.F.  of  I  vo//,  a  large  primary  cell  of  E.M.F.  of  1*5  voU,  and  an  electro- 
lytic cell  whose  reverse  E.M.F.  exceeds  1*6  voU,  show  how  you  can  decom- 
pose the  electrolyte  in  this  cell, 

9.  Criticise  the  common  expression  *  storage  of  electricity'  as  applied  (i.) 
to  the  Leyden  jar,  (ii. )  to  the  secondary  cell,  respectively.  Give  any  analogies 
that  may  occur  to  you,  applicable  to  the  two  cases  respectively. 

10.  Discuss  whether  there  is  or  is  not  a  true  distinction  to  be  made  between 
primary  and  secondary  batteries. 

CHAPTER  XIII. 

Preliminary  fwfes.—{i.)  In  what  follows  we  shall  occasionally  use  the  fol- 
lowmg  units,  of  which  a  further  account  will  be  given  in  Chapter  XIV. ; 
viz.  the  okm  for  resistance,  the  vo/i  for  E.M.F.,  and  the  amphre  for  current. 
They  are  connected  with  one  another  (by  Ohm's  law)  in  the  following  very 

simple  manner. 

r^          .  .          ..            E.M.F,  in  volts 
Current  in  amperes  ■      — — . 

resistance  tn  ohms 
J 


1^ 
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(ii. )  In  all  graphical  examples  we  may,  without  causing  any  error  in  the 
^^sults  obtained,  consider  the  E.  M.  F.  of  a  cell  to  be  represented  by  an  abrupt 
v^.se  in  potential  occurring  at  one  place  in  the  cell. 

If  a  volt  and  an  ohm  are  represented  by  one  and  the  same  length  marked 
^:>^  on  the  axes  of  ordinates  and  of  abscissae  respectively,  then  the  value  of 
tlie  current  in  amptres  is  given  by  tan  a,  where  a  is  the  angle  made  by  the  line 
X'epresenting  the  fall  of  potential  with  the  axis  of  abscissae. 

For  most  purposes,  unless  the  contrary  is  requested,  the  student  may  repre- 
sent the  total  £.  M.  F.  in  the  circuit  by  a  single  abrupt  rise  of  potential  occurring 
Sit  one  place  in  the  circuit. 

1.  A  cell  has  a  tangent  galvanometer  of  zero  resistance,  and  nothing  else, 
in  its  circuit ;  the  deviation  is  30°.  When  9  more  similar  cells  are  added  in 
series,  the  deflexion  remains  unaltered.  Show  how  this  experiment  tends  to 
confirm  Ohm's  law. 

2.  Two  cells,  of  equal  E.M.F.  but  of  unequal  resistances,  are  joined  up  in 
series,  but  with  opposed  poles,  and  a  galvanometer  is  included  in  the  circuit. 
Explain  in  words  and  in  symbols  your  reasons  for  stating  that  a  current  will  or 
will  not  pass. 

f  3«  A  circuit  includes  a  battery,  some  wire,  and  an  electrolytic  cell  consisting 
of  dilute  acid  in  which  are  immersed  platinum  electrodes.  Discuss  the  applica- 
tion of  Ohm's  law  to  such  a  case. 

4.  What  will  happen  if • 

(i.)  one  point  only  in  a  battery  circuit, 

(ii. )  two  points  simultaneously 

be  put  to  earth  respectively  ?  Discuss  whether  or  no  two  points  could  be  found 
which  might  be  put  to  earth  simultaneously  without  the  current  being  affected. 

{Note, — This  question  is  perhaps  answered  most  easily  by  the  help  of  the 
graphical  method.) 

5.  A  cell  of  E.  M.  F.  ^,  gives  a  deflexion  ^, ;  and  gives  a  (smaller)  deflexion 
B^  when  a  resistance  r,  is  added  to  the  circuit.  Another  cell  of  E.  M.  F.  ^.^  is 
substituted  for  the  first,  and  the  resistance  is  so  adjusted  that  we  have  the 
deflexion  9,  again  ;  it  is  then  found  necessary  to  add  a  resistance  r,  in  order 
to  reduce  the  deflexion  to  9^     Show  that  ^,  :  ^.^  =  r,  :  r.^, 

6.  Given  12  voltaic  cells,  each  of  an  internal  resistance  15  ohms^  explain 
in  how  many  different  wa3rs  they  may  all  be  (conveniently)  arranged.  Which 
arrangement  will  give  the  greatest  current  when  the  external  resistance  is 
20  ohms  1 

V^  7.  A  single  Bunsen's  cell  was  found  to  give  the  same  current  through  a 
galvanometer  as  did  two  DanielPs  cells  joined  in  series.  If  now  the  Bunsen's 
cell  and  the  DanielPs  battery  be  included  in  the  same  circuit,  but  with  their 
E,M,F,s  opposed,  will  there  necessarily  be  no  current?  Explain  in  words 
and  in  symbols. 

8.  There  is  a  circular  ring  of  uniform  wire.  Two  points  in  it,  135®  apart, 
are  connected  with  the  opposite  poles  of  a  battery.  Compare  the  currents  in 
the  two  segments  respectively. 
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9.  In  the  last  case,  if  the  resistance  of  the  whole  ring  be  taken  as  xan^^  ^ 
what  is  the  '  equivalent  resistance '  between  the  two  points  A  and  B? 
>/  10.  What  is  the  best  arrangement  of  6  cells,  each  of  f  ohm  reststno^l 
when  the  external  resistance  is  2  ohms  ? 

II.  In  what  sort  of  cases  can  two  different  arrangements  of  a  given  nonlff] 
of  cells  give  the  greatest  current  possible  through  a  fixed  external  resistance! 
y    12.  Compare  the  two  currents  obtained  in  the  following  cases  respecdrclii 

(i.)  Two  cells,  each  of  3  ohms  resistance,  are  joined   in  series,  and  Ik 
circuit  is  completed  through  a  wire  having  20  ohms  resistance. 

(ii. )  The  same  two  cells  are  joined  in  parallel,  and  the  circuit  is  complttei 
through  the  same  wire,  but  this  time  doubled  on  itself. 

13.  If  you  wished  to  have  a  bichromate  battery  that  would  have  a  small 
internal  resistance,  and  would  yield  a  moderate  current  for  a  relatively  long 
time,  what  instructions  would  you  give  to  the  makers  ? 

14.  It  is  required  to  drive  a  current  through  a  fixed  external  resistance  r, 
and  there  are  at  your  disposal  an  indefinite  number  of  Leclanche  cells,  each  of 
£.  M.  F.  E  and  resistance  B.  What  is  the  limiting  value  of  the  current  that  yoa 
can  drive  through  r  by  means  of  any  number  of  these  cells  all  arranged  tn  series] 

1 5.  If  in  the  last  question  you  may  arrange  the  cells  in  any  way  you  please, 
is  there  a  limit  to  the  magnitude  of  the  current  ?     Explain  fully. 

16.  Given  an  external  resistance  r  that  is  very  small  as  compared  with  tlie 
resistance  B  of  a  single  cell,  and  a  number  of  cells.  Would  you,  in  order  to 
obtain  the  greatest  possible  current,  arrange  all  your  cells  in  parallel^  however 
many  cells  there  may  be  ? 

17.  In  the  last  case  find  the  limiting  value  of  the  current  obtainable  by 
coupling  an  unlimited  number  of  the  cells  in  parallel, 

18.  There  are  two  cells  A  and  B,  of  E.M.F.s  Ea  and  Eb  respectively, 
where  Ea  is  greater  than  Eb.  They  are  placed  in  circuit  \vith  a  tangent 
galvanometer  {see  Chapter  XVII.  §  5).  When  they  are  opposed,  they  give  a 
deflexion  a/  ;  and  when  they  drive  the  current  in  the  same  direction  they  give 
a  deflexion  o,®.     Find  the  ratio  Ea  I   Eb  . 

{Note.— Y 01  the  following  *  graphical  *  exercises,  see  the  note  at  the  begin- 
ning of  these  questions  on  Chapter  XIII.) 

19.  There  is  a  cell  of  E.M.F.  2  volts ^  and  internal  resistance  i  ohm.  If 
the  external  resistance  be  2  ohms^  exhibit  graphically  the  condition  of  the 
circuit  when  closed. 

20.  There  is  a  circuit  of  12  ohms  total  resistance,  this  including  a  battery 
of  6  volts  E.M.F.  The  resistance  between  the  points  A  and  B  is  2  ohms. 
Find  graphically  the  difference  of  potential  between  A  and  B. 

21.  In  the  last  case  the  points  A  and  B  are  joined  also  by  a  second  wire 
of  '6  ohm  resistance.     Find  algebraically 

(i. )  the  equivalent  resistance  between  A  and  B  ; 

(\\.)  the  alteration  in  total  current  produced  by  the  introduction  of  the 
second  wire  ; 

(iii.)  the  difference  of  potential  between  A  and  B. 
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22.  There  are  arranged  in  series  six  cells  each  of  E.  M.  F.  2  volts  and  of 
resistance  I  ohm*    Represent  graphically  the  condition  of  the  circuit  — 

(i. )  considering  the  whole  E.  M.  F.  to  occur  abruptly  at  one  point ; 
(ii.)  considering  the  E.M.F.  of  each  cell  to  occur  abruptly  at  the  point 
phere  the  copper  terminal  is  soldered  to  the  zinc  plate  of  each  cell. 

23.  A  battery  has  a  total  E.  M.  F.  of  20  volts ^  and  an  internal  resistance  of 
13  ohms.     It  is  in  circuit  with  a  storage  battery  of  reverse  E.M.F.  of  4  volts^ 

resistance  2  ohms.  The  resistance  of  the  rest  of  the  circuit  is  3  ohms. 
^x>nsidering  the  total  E.M.F.,  ue.  the  algebraic  sum  of  the  E.M.F.S,  to  occur 
sibruptly  at  one  point,  represent  graphically  the  condition  of  the  closed  circuit. 


CHAPTER  XIV. 

1.  If  the  conductivity  of  copper  is  to  that  of  aluminium  as  2*3  ;  i,  and 
their  specific  gravities  are  as  3*3  :  i,  show  what  would  be  the  ratio  between 
the  masses  of  two  wires  made  of  these  two  metals  respectively,  which  for  the 
same  length  offered  the  same  resistance. 

2.  To  measure  the  resistance  of  sulphuric  acid  a  Wheatstone's  bridge  is 
sometimes  employed  ;  but  the  galvanometer  is  then  replaced  by  a  telephone 
{see  Chapter  XXV. ),  and  the  battery  is  replaced  by  an  induction  coil  or  other 
arrangement  giving  rapidly  alternating  currents.  Explain  the  object  aimed  at 
in  these  modifications,  and  state  how  you  would  conduct  the  experiment 
indicated. 

3.  A  Smee*s  cell  is  joined  up  with  a  tangent  galvanometer  {see  Chap- 
ter XVII.  §  S)  of  negligible  resistance  ;  the  rest  of  the  external  circuit  having 
also  negligible  resistance.  A  deflexion  of  ^  is  observed  where  tan  d  =  2*328. 
When  resistances  of  775  ohm  and  of  2*325  ohms  are  successively  (not 
simultaneously)  introduced  into  the  circuit,  the  corresponding  angles  of 
deflexion  had  tangents  equal  to  '966  and  '445  respectively.  From  these  data 
calculate  two  values  for  the  internal  resistance  B  of  the  cell,  to  four  places  of 
decimals  ;  showing  that  these  two  results  agree  approximately. 

4.  The  density  of  silver  is  10*5,  and  the  resistance  of  a  silver  wire  i  m^tre 
in  length  and  of  i  gramme  mass  is  '1689  ohm.  Find  the  specific  resistance 
of  silver  in  ohms, 

{Note, — This  means  the  resistance  in  ohms  of  a  piece  of  silver  i  centimetre 
long  and  I  square  centimetre  cross  section  ;  the  current  passing  between  two 
opposite  faces.) 

5.  Two  separate  pounds  of  copper  of  the  same  quality  are  drawn  out  into 
uniform  wires,  the  one  twice  the  length  of  the  other.  Find  the  ratio  between 
their  resistances. 

6.  A  current  of  not  less  than  '016  ampere  is  to  be  sent  through  an  external 
resistance  of  360  ohms.  What  is  the  smallest  number  of  Leclanche  cells,  each 
with  E.M.F.  1*4  volts  and  resistance  15  ohms^  by  which  this  can  be  eff"ected  ? 
What  would  be  the  maximum  strength  of  current  obtainable  if  double  this 
number  of  cells  were  used  ? 
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7.  The  zinc  pole  of  a  Daniell's  cell  being  joined  to  the  platinum  pole  of  a 
drove's,  the  other  poles  are  connected  up  with  a  tangent  galvanometer,  and 
the  current  is  found  to  be  '5665  ampere.  The  zinc  pole  of  the  former  is  now 
connected  with  the  zinc  pole  of  the  latter,  the  two  positive  poles  are  connected 
with  the  two  terminals  of  the  galvanometer,  and  the  current  is  found  to  be 
•0875  aw/tV^.  The  resistances  and  E.M.F.S  being  supposed  constant,  find 
the  ratio  between  the  E.M.F.s  of  the  two  elements. 

8.  An  iron  wire  '24  centimHrt  in  diameter  has  a  resistance  of  7*8  ohmi 
per  mile.  WTiat  is  the  diameter  of  another  wire  of  the  same  material  which 
for  the  same  length  has  a  resistance  of  12*87  ohms^ 

9.  How  would  you  use  Wheatstone's  bridge  to  ascertain  the  nature  of  the 
eflfect  produced  by  rise  of  temperature  on  the  specific  resistance  of  any 
material  ? 

10.  How  could  you  further  ascertain  the  percentage  change  in  resistance 
for  rises  in  temperature  from  o^  to  10®  C,  10°  to  2xp  C,  &c.  ? 

11.  The  internal  resistance  of  a  cell  is  '5  ohm,  WTien  a  tangent-galvano- 
meter i^see  Chapter  XVII.  §  5)  of  I  ohm  resistance  is  coupled  with  it  by 
wires  of  negligible  resistance,  the  deflexion  is  15®.  What  will  be  the  deflexion 
if  the  connecting  wires  have  1*5  ohms  resistance  ? 

{^Note,  •  ■  A  table  of  *  tangents  *  must  be  used.) 

CHAPTER  XV. 

1.  I  oliserve  some  zinc  dissolving  in  dilute  acid,  and  I  notice  that  the 
amount  of  heat  calculated  as  due  is  not  evolved.  Explain  how  this  may  vexy 
well  be  the  case,  and  yet  the  law  of  *  Conservation  of  energy '  be  unbroken. 

2.  From  noticing  the  heat-energy  evolved  when  a  current  passes  through 
a  fine  wire,  should  you  be  justified  in  speaking  of  *  electricity '  as  a  *  source  of 
energy '  ?     Explain  clearly. 

3.  A  current  of  130  amph'es  flows  through  an  armature  whose  resistance 
is  '5  ohm.     How  many  horse-poiver  are  wasted  in  the  armature  ? 

4.  Assuming  that  one  horse-power  is  equivalent  to  746  volt-amptres^  and 
also  to  33,oooyi7^/-/^wWj/tfr»//«///^;  and  assuming  that  \yyi  foot-pounds  ^t 
equivalent  to  z.  pott/ui-degree- Centigrade  unit  of  heat ;  find  the  number  of  pounds 
of  water  that  can  be  heated  through  1°  C.  by  the  heat  emitted  in  I  hour  hy^i 
lamp  through  which  a  current  of  i  ampere  flows,  the  difference  of  potential 
between  the  terminals  of  the  lamp  being  60  volts. 

5.  Two  cells  have  internal  resistances  each  equal  to  3  ohms.  In  one  case 
they  are  connected  in  series  by  a  wire  of  3  ohms  resistance.  In  another  case 
they  are  joined  in  parallel  by  the  same  wire.  Compare  the  total  heat  evolved 
per  second  in  the  two  cases  respectively,  and  show  in  each  case  its  distribution 
between  cells  and  wire. 

6.  A  given  wire,  forming  the  whole  external  circuit  of  a  battery,  has  re- 
sistance of  3  ohms.  You  are  provided  with  8  cells,  each  of  i  ohm  resistance 
and  E.  M.  F.  2  volts.  How  will  you  arrange  the  cells  so  as  to  make  the  wire 
as  hot  as  possible  ?     How  many  calories  will  then  be  evolved  per  secomi  in  the 
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wire  ?    And  what  ivork  per  second  (in  ergs  per  second)  will  be  the  equivalent 
of  this  ? 

7.  If  you  wish  to  heat  a  platinum  wire,  at  a  distance  from  the  battery,  to 
as  high  a  temperature  as  possible,  what  sort  of  connecting  wires  will  you  use, 
and  why  ?     And  what  arrangement  of  battery-cells  will  you  adopt  ? 

8.  If  in  the  last  case  the  insulation  of  the  conducting  wires  was  very  im- 
perfect, show  whether  it  would  be  better  to  increase  the  number  of  cells  arranged 
in  series,  or  the  number  arranged  in  parallel  ;  supposing  that  you  have  some 
additional  cells  at  your  disposal. 

9.  A  silver  wire  is  joined  end  to  end  with  an  iron  wire  which  is  of  the  same 
length,  but  of  double  the  diameter  and  of  six  times  the  specific  resistance  of 
the  former.  The  whole  is  put  into  circuit  with  a  battery,  and  when  the 
current  has  passed  for  a  certain  time  it  is  found  that  the  total  heat  evolved  in 
the  two  wires  is  45  calories.     How  is  this  shared  between  the  two  wires  ? 

10.  The  difference  of  potential  between  two  points  in  a  circuit  is  50  volts^ 
the  resistance  between  them  is  i  ohm^  and  the  current  is  10  amperes.  Show 
that  there  must  be  a  reverse  E.M.P".  between  the  two  points,  and  find  its  value. 

11.  In  the  last  example,  (i.)  what  is  the  work  per  second  (in  watts)  done 
against  this  reverse  E.M.F.  ;  and  (ii.)  what  is  the  heat  per  second  (in  calories 
per  second)  evolved  between  the  two  points  ? 

12.  In  a  certain  circuit  there  is  a  battery  of  E.M.F.  20  volts,  and  resistance 
2  ohms ;  a  wire  of  resistance  I  ohm  ;  and  an  electrolytic  cell  of  resistance 
I  ohniy  and  reverse  E.M.F.  2  volts»    Find 

(i. )    the  watts  expended  by  the  battery  ; 

(ii. )  the  calories  per  second  evolved  in  the  battery,  in  the  wire,  and  in  the 
electrolytic  cell,  respectively ; 

(iii.)  the  work  per  secomi  (in  watts)y  of  a  chemical  nature,  spent  on  the 
electrolytic  cell. 

CHAPTER  XVII. 

1.  If  you  have  a  sine-galvanometer  unprovided  with  shunts,  and  a  tangent    "V 
galvanometer,   which   would   you   use  for   the   measurement   of  very  feeble    ' 
currents,  and  which  for  the  measurement  of  very  strong  currents?     Explain 
your  aAswer. 

2.  What  if  the  sine-galvanometer  be  provided  with  shunts  and  compensa- 
ting resistances  ? 

3.  Given  a  delicate  galvanometer  and  a  current  of  unknown  strength,  how   1 
would  you  so  proceed  in  your  measurement  of  this  current  as  to' obviate  any    ,   '^ 
risk  of  injury  to  the  galvanometer  due  to  too  great  strength  of  current  passing 
through  the  galvanometer  ? 

4.  Vou  are  given  a  set  of  constant  cells  ;  a  galvanometer  whose  law  of 
deflexion  is  complex  and  unknown  ;  a  Wheatstone's  rheostat ;  and  a  tangent 
galvanometer.  Show  how  you  could  graduate  the  first- named  galvancmeter 
so  as  to  make  it  afterwards  available  for  measuring,  and  not  merely  indicating, 
currents. 
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5.  Suppose  that  you  have  thus  calibrated  your  galvanometer  up  to  a  oon* 
siderable  angle  of  deflexion,  and  that  you  desire  to  use  it  for  larger  currents.  |.^ 
Show  how  you  can  do  this  if  you  are  provided  with  a  shunt  whose  resistanoe 
bears  a  known  ratio  to  the  resistance  of  the  galvanometer. 

6.  If  you  do  not  know  this  ratio,  show  how  you  can  find  it  by  the  use  d 
the  above  apparatus. 

7.  How  would  you  determine  the  *  compensating  resistance  *  to  be  inserted 
when  the  shunt  is  used  ? 

8.  In  the  above  scries  of  experiments  (4-7),  does  it  matter  whether  the 
E. M.F.  of  the  battery  is  constant  or  no?     Explain  your  answer. 

{Note. — Questions  4-8  were  suggested  by,  or  taken  from,  the  electrical 
course  described  in  )Vorthington's  *  Physical  Laboratory  Practice.') 


CHAPTER  XVIII. 

1.  A  single  turn  of  wire  in  the  form  of  a  circle  of  10  centimitrei  radius  Is 
placed  in  the  plane  of  the  magnetic  meridian,  and  two  turns  of  wire  of  20 
centimetres  radius  are  placed  with  their  common  plane  and  centre  coinciding 
with  those  of  the  first  circle.  A  small  magnet  is  suspended  at  the  common 
centre  in  the  plane  of  the  coils.  The  same  current  is  now  passed  in  one 
direction  through  the  single  wire,  and  in  the  other  direction  through  the 
double  wire,  respectively.  What  effect  is  produced  on  the  needle  ?  Explain 
in  words,  and  prove  your  answer  in  symbols. 

2.  A  current  is  passed  along  a  permanent  magnet  of  hard  steel,  magnetised 
in  the  direction  of  its  length.  Give  reasons  for  arguing  that  the  current  will 
take  a  spiral  course  along  the  bar,  and  show  whether  the  spiral  will  form  a 
right-handed  or  a  left-handed  screw. 

3.  A  current  is  passed  along  a  bar  of  perfectly  soft  iron.  Give  reasons  for 
arguing  that  the  molecules  will  now  form  closed  magnetic  circuits,  which  are 
circles  having  their  planes  perpendicular  to  the  direction  of  the  current.  And 
show  in  what  direction  the  w^rZ/^ -seeking  and  j^wM -seeking  poles  of  each 
molecule  will  point. 

4.  A  circular  coil  of  wire  is  suspended  from  some  height,  with  its  plane 
vertical,  so  that  it  can  both  swing  and  rotate,  and  a  current  is  passed  through 
it.      Discuss  the  action  of  the  pole  of  a  magnet  on  the  coil  in  various  cases. 

;.      5.    If  it  were  true  that  the  earth's"  magnetism  is  due  to  currents  traversing 
the  earth's  surface,  show  what  would  be  their  general  direction. 

6.  An  elastic  spiral  of  wire  hangs  so  that  its  lower  end  just  dips  into  a 
vessel  of  mercury.  Describe  and  explain  what  happens  when  the  top  of  the 
spiral  is  connected  with  the  one  pole  of  a  battery,  and  the  mercury  is  connected 
with  the  other  pole  of  the  same. 

7.  A  coil  of  50  turns  of  wire  has  a  mean  radius  of  lo  centimetres,  and  a 
current  of  6  amperes  traverses  it.  Find,  in  absolute  C.G.S.  units,  the  strength 
of  the  magnetic  field  produced  at  the  centre  of  the  coil. 

8.  If,  in  the  last  example,  the  coil  be  placed  in  the  plane  of  the  magnetic 
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meridian,  and  if  the  earth's  horizontal  field  be  of  strength  '2  in  absolute 
measure,  find  the  tangent  of  the  angle  of  deflexion  of  a  small  needle  balanced 
(so  as  to  move  horizontally)  at  the  centre  of  the  circle. 

9.  There  is  a  circle  of  one  turn  of  wire.  A  current  of  C  absolute  units 
traverses  it.     What  is  the  *  strength  *  p  /  of  the  equivalent  magnetic  shell  ? 

10.  A  circular  coil  consists  of  n  turns  of  wire,  and  is  i  centimetre  thick, 
and  the  current  is  C.  If  the  equivalent  magnetic  shell  were  also  i  centimHre 
thick,  what  would  be  the  surface  density  p  of  its  magnetism  ? 

11.  In  a  similar  case  the  thickness  of  the  coil  is  not  given ;  but  you  are 
told  that  the  wire  is  coiled  at  the  rate  of  n  turns'  per  i  centimetre  of  thickness. 
If  the  thickness  of  the  equivalent  magnetic  shell  be  the  same  as  that  of  the 
coil,  what  must  be  its  surface  density  p  of  magnetism  ? 

CHAPTER  XX. 


1.  What  are  the  best  materials  respectively  for 

(i.)  magnetic  needles?     >:  •'    A    <  ;,.  •  - 

(ii. )  the  cores  of  electro-magnets  ?   M  -     .    : 

(iii. )  the  wire  forming  the  coils  of  an  electro-magnet  ?  Explain  each 
answer. 

2.  If  a  solenoid  be  made  of  wire  carrying  a  current  C  in  absolute  measure, 
there  being  n  turns  of  wire  per  i  centimetre  of  length,  what  would  be  the 
surface  density  p  of  magnetism  on  the  faces  of  the  equivalent  bar-magnet  ? 
{^See  Chapter  XVIII.  Question  11  above.) 

3.  It  is  generally  assumed,  as  sufficiently  accurate  when  the  helix  is  long 
as  compared  with  its  diameter,  that  the  field-strength  throughout  the  interior 
of  the  helix  is  constant  and  is  measured  by  4  ir  «  C.  What  will  be  the  surface- 
density  p  of  magnetism  at  the  ends  of  an  iron  core  inserted  in  the  helix,  the 
•.coefficient  of  magnetisation  '  being  k  ? 

4.  If  the  helix  and  core  have  a  common  cross-section  of  A  square  centi- 
metres^  what  is 

(i. )  The  pole-strength  of  the  helix  alone  ? 
(ii. )  That  of  helix  and  core  together  ? 

5.  Applying  the  results  of  Chapter  X.  §§  14,  15,  &c.,  to  the  case  of 
magnetism,  and  assuming  that  all  the  resultant  *  marked  lines  of  force '  proceed 
outwards  from  the  face  of  a  magnet,  show  what  will  be  the  number  of  re- 
sultant *  marked  lines' due 

(i. )  To  the  pole  of  the  helix  alone  ; 
(ii.)  To  the  pole  of  the  iron  core  alone. 

CHAPTER  XXI. 

I.  If  two  wires,  attached  to  the  terminals  of  a  Grove's  battery  of  three  or 
four  cells,  be  held  in  the  hands,  and  be  alternately  placed  in  the  hand  and 
separated,  nothing  is  felt.  But  if  a  large  electro-magnet  be  in  the  circuit,  then 
a  shock  is  felt  when  contact  is  broken.     Account  for  this. 

H  H  a 
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^         2.  A  bar  of  perfectly  soft  iron  is  thrust  into  the  interior  of  a  coil  of  iR-ire 
\  ^         whose  terminals  are  connected  through  a  galvanometer.     An  induced  current 
is  observed.     Explain  how  this  may  be. 

3.   Could  the  coil  and  bar  be  placed  in  such  a  position  that  the  above  aclioa 
might  nearly  or  entirely  disappear  ?     Explain  fully. 
^        4.   A  plane  rectangular  iron  frame  is  placed  vertically  so  that  it  faces  due 
3  '  /    'magnetic  north.'     It  then  is  overthrown,  falling  northward  into  a  horizontal 
position.     Discuss,  in  a  general  manner,  what  occurs. 

5.  In  the  last  example  assume  some  exact  values,  in  absolute  C.G.S.  units, 
for 

'  (i. )  the  area  of  the  frame  ; 

(ii.)  the  dip  and  strength  of  the  earth's  field  ; 
(iii. )  the  time  occupied  in  the  fall ; 
and  from  these  data  deduce  the  average  induced  E.  M.F. 

6.  A  current  flows  through  a  wire,  and  a  magnetic  pole  is  consequently 
urged  into  rotation  round  the  wire.  If  the  battery  be  now  removed  and  be 
re])laced  by  a  delicate  galvanometer,  and  if  the  pole  be  moved  by  hand  in  the 
same  direction  as  before,  what  wiU  be  observed  ?  Of  what  laws  is  this  an 
example  ? 

CHAPTER  XXII. 


O 


'^ 


1.  In  constructing  an  induction  coil,  what  special  contrivances  must  be 
iniroduceil  in  order  to  obtain  long  sparks? 

2.  An  insulated  wire  is  coiled  round  a  bar  of  copper,  and  a  current  is 
momentarily  passed  through  the  wire.     What  effects  are  produced  ? 

3.  In  the  last  case  it  is  found  that,  while  the  current  is  flowing,  there  is 
some  resistance  felt  to  the  withdrawal  of  the  copper  bar  from  within  the  coil. 
To  what  general  law  may  this  phenomenon  be  referred  ? 

4.  A  wire  is  coiled  round  a  bar-magnet,  and  a  bar  of  soft  iron  is  brought 
near  to  one  pole  of  the  magnet.  Explain  whether  or  no  there  will  be  a  current 
induced  in  the  coil,  and,  if  there  be  such  a  current,  show  in  what  direction 
it  will  run. 

5.  In  passing  a  current  from  an  induction  coil  through  a  *  vacuum-tube ' 
the  current  passes  in  one  direction  only.  How  is  this  ?  And  how  can  you 
determine  what  is  this  direction  of  current?     (Give  two  methods,  at  least.) 

6.  The  number  of  oscillations  made  by  a  given  needle  in  one  and  the  same 
place,  in  a  given  time,  is  affected  by  placing  a  copper  plate  under  it.  Explain 
this,  and  point  out  what  practical  use  can  be  made  of  the  fact. 

7.  The  poles  of  a  voltaic  battery  are  connected  with  two  mercury-cups. 
These  cups  are  connected  successively  by    .     ,    ' 

(i.)  a  long  straight  wire  ; 

(ii.)  the  same  wire  arranged  in  a  close  spiral,  the  wire  being  covered  with 
some  insulating  material  ; 

(iii.)  the  same  wire  coiled  round  a  soft  iron  core. 

Describe  and  discuss  what  happens  in  each  case  when  the  circuit  is  broken. 
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8.  In  the  automatic  *  make-and -break '  spiral,  described  in  Question  6  of    \ 
Chapter  XVIII.  p.  458,  discuss  the  effect  of  introducing  a  copper  core  that 
does  not  touch  the  spiral. 

9.  In  the  same  case  discuss  the  effect  of  a  similar  soft  iron  core. 

10.  In  the  same  case  discuss  the  effect  of  a  similar  core  consisting  of  hard 
steel  magnetised  longitudinally,  with  one  or  the  other  pole  respectively  at  the 
lower  end. 


CHAPTERS  XXIII.,  XXIV.,  and  XXV. 


; 


1.  How  should  a  dynamo,  intended  for  electro-plating  work,  be  constructed  ? 
Explain  your  answer. 

2.  Explain  in  what  cases  it  would  be  dangerous  for  a  person 

(i.)  to  touch  with  one  hand  only  the  wire  in  circuit  with  a  dynamo  ;^  y^ 

(ii.)  to  touch  the  same  at  two  different  points  with  the  two  hands  simuP 

taneously. 

3.  The  heat  supplied  per  second  to  a  boiler  is  equivalent  to  750  kilograin- 
mhres  of  work.  One-tenth  of  this  is  usefully  employed  in  driving  a  dynamo, 
the  efficiency  of  which  is  75.  The  current  drives  a  motor  that  is  also  of  effi- 
ciency 75,  and  \o per  cent,  of  the  energy  of  the  dynamo's  current  is  lost  in  the 
form  of  heat.  Find  the  work  per  second  of  the  motor  in  kilogram-mHres  per 
second, 

4.  A  dynamo  has  a  constant  E.M.F.  of  200  volts^  and  is  in  circuit  with  a 
motor,  the  total  resistance  of  the  whole  circuit  being  6  ohfns.     Find .... 

(i.)  the  current  when  the  motor  is  at  rest  ; 

(ii.)  the  current,  -activity  used  in  the  motor,  total  activity,  and  activity 
wasted  in  heat,  when  the  motor  is  run  at  such  a  rate  that  there  is  *  maximum 
work '  per  second  done ; 

(iii. )  the  current,  total  activity,  and  activity  used  in  the  motor,  when  this 
is  run  at  such  a  rate  that  ^he  efficiency  is  ^per  cent, 

5.  It  is  desired  to  measure  the  resistance  of  a  certain  incandescent  lamp 
when  the  carbon  is  rendered  white-hot  by  a  current  of  i  '3  amperes.  It  is  found 
that  then  there  is  a  difference  of  potential  of  65  volts  between  the  terminals  of 
the  lamp.     What  is  the  required  resistance  ? 

6.  A  cable  a  mile  long,  whose  ends  are  A  and  B,  has  a  total  resistance  of 

3  '59  ohms.     It  is  put  into  water,  and  a  small  hole  is  pierced  to  the  core  at  a  ^ 
certain  point.     When  the  end  B  is  insulated  and  the  resistance  is  tested  from 
the  end  A,  this  is  found  to  be  2*81  ohms.     W^hen  A  is  insulated,  the  resistance     "^ 
tested  from  the  end  B  is  found  to  be  276  ohms.     Find  the  distance  in  yards 
of  the  puncture  from  the  end  A,  and  its  resistance  in  ohms. 


\ 
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ANSWERS   TO   QUESTIONS. 


CHAPTER  I. 
(4)  Float  the  two  on  a  piece  of  cork,  on  water. 

CHAPTER  II. 

(I)  22222.  (2)  |.  (3)  69S. 

(4)  50  dynes ;  6  =  tan  "» J.  (5)  4000  dynes ;  9  «=  tan  "» }. 

(6)  30  niHres,  (7)  24a  (8)  i^. 

(9)  120.  (10)  m\  dynes  \  21^  a/ ^  dynes, 

CHAPTER   III. 

(I)  960.  (2)  150. 

(6)  Deflect  each  to  same  angle  with  lines  of  earth's  'horizontal  field.* 

(7)  The  moments  of  inertia  of  the   needles  enter  into  the  formulae  of 
calculation. 

(8)  V63  =  8,  nearly.  (9)  ii,  nearly.  (10)  26*6. 

(II)  '2  dynes  ;  there  is  attraction, 

(12)  By  means  of  a  large  magnet  suitably  placed. 

(14)  Ratio  is  256  :  225  ;  magnetic  moment  of  needle  assumed  constant. 

(15)  -i_;   -i-.  (16)  24. 
.i/3      2  a/3 

CHAPTER  IV. 
(7)  Attraction,  2  dynes ;  repulsion,  '25  dyne, 

CHAPTER  V. 

(3)  (i.)  A  and  C  are  at  a  +  potential,  B  at  a  zero  potential,  and  the  leaves 
diverge  with  +.     (ii.)  B  C  all  at  zero  potential,  and  the  leaves  hang  together. 

CHAPTER  VI. 

(3)  Both  outside  and  inside  are  raised  in  potential,  their  difference  of 
potential  remaining  (practically)  constant. 


ANSWERS  TO  QUESTIONS  xli 


CHAPTER  X. 

(i)  B  is  at  a  +  potential,  but  lower  than  A's.     That,  as  we  charge  A,  the 
lotential  of  B  rises  more  slowly  than  does  that  of  A. 

(2)  Q-'  =  ?8^. 

(4)  Q  =  ^o  >  i^^^l  K  =  6 ;  common  potential  =  i  '6. 

(5)  Divergence  increases  ;  divergence  decreases  ;  leaves  collapse. 

(6)  K  =  255.  (7)  10;  10 <J;  no;  880.- 

(8)  Diameter  =  ^Zi  centimetres, 

(9)  That  of  A  rises,  that  of  B  falls,  somewhat. 

(10)  The  force  on  a   +  unit  at  a  given  distance  will  be  less ;  hence  thfe 
marked  lines '  will  be  fewer,  and  the  equipotential  surfaces  further  apart. 

(11)  It  will  decrease.  (12)    ~-^  ergs, 

2K 

(15)  Merely  substitute  magnetic  unit  pole  for  electric  unit  quantity,  and  take 
infinity,  not  *  earth,'  as  region  of  zero  potential. 

(16)  li. 

CHAPTER  XL 

( 1 )  Its  potential  will  have  fallen. 

(2)  Copper  is  deposited  by  chemical  substitution,  and  then  the  whole  acts 
as  a  closed  cell. 

(3)  We  have  a  closed  cell,  and  the  nascent  hydrogen  sets  free  antimony  on 
the  platinum  plate. 

(4)  More  copper  is  set  free  by  the  nascent  hydrogen. 

(5)  Hydrogen  will  be  set  free  from  the  platinum  plate  as  in  an  ordinary 
closed  cell. 

(7)  If  the  current  be  too  *  dense,' ?*.^.  too  great  per  unit  area  of  the  plates. 

CHAPTER  XII. 

( 1 )  (i. )  Copper  deposited  on  copper  dish,  lead  dioxide  on  the  lead  plate, 
(ii.)  A  back  current,  and  a  return  (at  \t2A'i  partial)  to  the  initial  condition. 

(2)  A  deflexion,  and  then  a  return  to  zero.    A  deflexion  the  other  way,  and 
a  return  to  zero. 

(3)  A  continued  deflexion. 

(5)  By  suitable  changes  in  method  of  coupling. 

(8)  Same  method  as  in  Question  5. 

CHAPTER  XIII. 

( I )  Easily  proved  by  formula. 

(5)  Use  formula  for  current  in  each  case. 

(6)  In  six  main  ways.    4  in  series  and  3  in  paralleL 
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(7)  Depends  on  the  respective  internal  resistances,  as  well  as  on  E.M.F.S. 

(8)  Kalio  is  3  :  5.  (9)  i^- 


(10)  Either  6  in  series^  or  3  in  series  and  2  in  parallel. 

(12)       ,  and  ^   \  amperes  respectively.  (14)  Limit  Is  C  =  - 

13  >3  ^ 

(15)  There  is  no  limit.     Prove  by  formula. 

.    .    .    E 

(16)  No.     Prove  by  general  formula.  (17)  Limit  is  -. 

(18)  ^  =  ta"«.  +  tan  04^  (20)  wolt, 

Eb       lan  a,  —  tan  o^ 
(21)  (i.)  'S  o/u/i  ;  (ii.)  from  -5  amphre  to  f  ampere  \  (iii.)  f  volt. 


CHAPTER  XIV. 

,  V  Mass  of  copper    .  ^  3*3 
Mass  of  aluminium      2*3' 

(3)  The  two  answers  are  B  =  '5496,  and  B  —   '5494,  ohms  respectively. 

(4)  I  '608  +  lo",  nearly.  (5)  Ratio  is  4  :  i. 

(6)  5  cells  in  series  ;  '027  ampires^  nearly. 

(7)  E.M.F.s  have  ratio  of  479  :  654.  (8)  -187  centimitre^  nearly. 

(II)  7°  37'. 

CHAPTER  XV. 

(3)  11*32  h. p.,  nearly.  (4)    115   /^j.  nearly. 

•■32  *  1 6 

(5)  (i.)  Heat  in  first  case  :  Heat  in  second  case  =  -^-  E-  :         E-  =  2:1. 

3  3 

(ii.)  In  the  first  case  §  of  the  heat  is  internal  and  ^  external,  while  in  the 

second  case  ^  is  internal  and  §  external. 

(6)  4  in  series,  2  m parallel ;  1*8432  calories  per  second;  77,414,400  ergs 
per  second. 

/o\  T  11  1  (^\  Heat  in  silver  wire      2 

(8)  In  parallel.  (9)  ^——-. — ; .—  =  -• 

Heat  m  iron  wire      3 

(10)  Reverse  E.M.F.  =  /\o  volts. 

(11)  400  7uatts  ;  24  calories  per  second. 

(12)  (i. )   90  7vatts\  (ii.)  9*72,  4*86,  and  4*86  calories  per  second  respec- 
tively ;  (iii.)  9  watts. 

CHAPTER  XVIII. 

(i)  The  needle  is  unaffected.     (4)  Consider  the  equivalent  magnetic  shell. 

(5)  From  E  to  W. 

(6)  It  will  vibrate  vertically,  making  and  breaking  contact  alternately. 

(7)  9*425,  nearly.      (8)  tan  Q  =  47*124,  nearly.      (9)  Strength  =  p^  «  C. 


ANSWERS   TO   QUESTIONS  xliii 

(10)  p  X  I  =  «  C,  or  p  =  «  C. 

(11)  Let  /  be  the  common  thickness,  expressed  in  centimHres^  of  coil  and 
:^ell.     Then  p  t  =  i  n  C,  or  p  =  n  C. 

CHAPTER   XX. 

(2)   +  nC  and  —  w C  at  the  two  ends  respectively. 

is)  P  =  4""^'^  X  k.  (4)  (i.)  «C  A  ;  (ii.)  «CA  +  4ir«Cy&A. 

(5)  (i.)4ir«CA;  (ii.)  4^  y.  pole-strength  =  (4ir)-  x  nC/:A. 

CHAPTER   XXI. 

(2)  Consider  the  earth's  field  and  the  magnetisation  of  the  soft  iron  due  to 
this. 

(6)  This  is  an  example  of  Lenz's  law. 

CPIAPTER  XXII. 

(2)  Eddy  currents  arise.  (3)  Induction  ;  Lenz's  law. 

(4)  By  magnetic  induction  the  field  due  to  the  magnet  is  altered. 

(6)  Eddy  currents  arise,  and  Lenz's  law  holds. 

(7)  (i.)  Hardly  any  extra  current;  (ii.)  decided  extra  current ;  (iii.)  still 
greater  extra  current. 

(8)  Slower  vibration.     Compare  with  Question  6. 

(9)  Still  slower  vibration. 

(10)  Observe  that  with  suitable  pole  downwards  the  vibrations  may  even 
be  stopped  altogether. 

CHAPTERS   XXIII.,    XXIV.,  and  XXV. 

(i)  Small  internal  resistance,  low  E.M.F. 

(2)  Much  depends  on  whether  or  no  the  dynamo  can  *  leak  '  to  earth. 

( 3 )  3  7  '96  kilogram  -  metres  per  second. 

(4)  (i*)  33i  amplres  \  (ii.)  i6§  amperes,  1666^  watts,  3333 J  watts,  i6j6J 
watts  ;  (iii. )  3^  amperes,  666|  watts,  600  watts. 

(5)  ^oohms^  (6)  892 ^ar^j,  nearly;  '^()  ohm. 
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ACCELERATION,  dimensions  of,  13 
Accumulator,  electric  current,  366 

—  water -dropping,  102 
Activity,  unit  of,  239,  298 

—  in  the  voltaic  circuit,  240  ei  seq. 

—  in  the  circuit  of  a  dynamo  and  motor, 
405  et  seq. 

—  in  cases  of  induction,  347  et  seq. 
iEpinus's  condenser,  76 

^  —  experiments  with,  78 

Air,  its  specific  inductive  capacity  taken 

as  unity,  121 
Alphabet,  Morse,  420 
Alternate  discharge,  83 
Amalgam,  electrical.  46 
Amalgamation  of  zinc  plate  in  galvanic 

cell,  173 
Amber,  earliest  observations  of  its  electric 

properties,  42 
Ammeter,  or  current  galvanometer,  291 

—  calibration  o^,  293 

—  different  kinds  of,  443 

—  -  '  damping '  in,  446 

Ammonium  chloride,  electrolysis  of,  185 
Ampere,  the  practical  unit  of  current,  191, 

222.  208 
Ampere  s  discovery  of  the  equivalence  of  a 

magnetic  shell  and  an  electric  circuit.  306 

—  laws  of  the  actions  between  currents, 
311  ;  between  elements  of  currents,  313 

—  rule  for  ascertaining  directions  of  lines 
of  force,  273 

—  theory  of  magnetism,  326 
Anp^les,  solid,  304,  322 
Anions,  184 

Anode,  183 

Arago's  disc  and  magnetic  needle,  363 

Arc,  electric,  434 

appearance  of,  439 

reverse  E.M.F.  of,  440 

—  lamp,  438 

Arc-lighting,  series  arrangement  of  lamps 

in,  442 

dangers  of,  442 

Armatures     of     electrostatic     induction 

niachi  les,  104  ^/ j^^. 

—  of  dynamos,  385  et  seq* 

—  Clark's,  ^86 

—  Siemens  s,  387 

—  Gramme,  389 

—  Siemens-AIteneck,  395 

—  Brush,  395 


BUN 

Armatures  wound  'for  E.M.F.'  and  'for 
current,'  394 

Aron,  coulomb-meter  of,  448 

Astatic  system  of  needles  for  galvano- 
meters, 281 

Atmosphere,  electrostatic  potential  at  a 
point  in  the,  117 

*  Attracted-disc '  electrometer,  153 

Attraction  and  repulsion  in  magnetism,  2  ; 
in  electrostatics,  43,  49 

occurring  in  magnetic  and  diamag- 

netic  phenomena,  330,  334 

Aurora  borealis  \,see  references  given  in 
Preface,  p.  viii.] 

Axis,  magnetic,  definition  of,  29 

correction  fur  error  in  the,  33,  36 


BA.  ohm,  222 
Barlow's  wheel,  364 

Battery  cell,   general    view  of,    171,  196, 
23S 

various  forms  of,  177  et  seq. 

secondary  or  *  storage,'  196  ei  seq. 

the  economy  of,  247 

resistance  of,  230 

methods  of  coupling,  180,  207,  219 

arrangements  of,  with  respect  to  heat 

evolved,  245 

constant,  177 

^  molecular  interchanges  in,  when  cir- 
cuit is  closed,  187 

standard,  177 

Bell,  electric,  4x7 

Bell  telephone,  429 

Bichromate  cell,  177 

Bismuth  is  diamagnetic,  329 

Bismuth-antimony    thermo-electric    pile, 

254 

cross,  experiment  with,  264 

Boats,  electro-motor,  411 

Bohnenberger's  electroscope,  indication  of 

differences  of  potential  by,  1 53 
'Bound,'  the  term,  as  applied  to  electric 

charges,  8x 
Boxes,  resistance,  223 
Bridge,  Wheatstone's,  226 
Brush  discharge,  99 
Brushes,  collecting,  of  Gramme  machine, 

392 
Brush  machine,  395 

Bunsen's  cell,  178 
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r*ABLE,  tdegraphu^  433 
'     Cablegram,  433 
Caldum  chHuid*   used   to  keep  electro- 
scopes di^',  43 
Calib|atioa  of  ammeters  and  voU-metets, 

^93. 
Catorie,  umt  <^  heat  to  called,  339 

Copaciiy,  electrical,  68^  74 

—  —  formulae  f(»r,  Z43,  146,  148 

Carbon  plates  of  constant  battay-ceUs,  181 
— rods  of  arc  lamp,  action  of  current  on,  439 
respective  temperatures  of,  440 

—  transmitter,  Edison's  teleplume,  431 
Card  piercing  by  electric  dispharge,  93 
Cardew,  volt-meter  <^,  ^6 

.  Cascade  arrangem  ;nt  or  Leyden  jars,  88 

tnttr^  of  disdiarge  in  the,  153 

Casella,  dip  circle  of,  37 

Cavendish  s  method  of  finding  ^tecific  in- 
ductive cai>acttie8,  X33 

Cells  [see  under  Battery-ceHs,  Thermo* 
cells,  and  .Ele  Jtrolysiss] 

CentiiiKtre,  the  unit  of  length  is 

Centtm^tre-granmie-second  (C.  G.  S.)  cys* 
tem,  13 

Chaige,  electric,  distribution  <^  55,  56 

—  —  density  of,  55 

nature  of,  90,  x6i,  341 

—  —  density  of,  distinguished  from  poten- 
tial, 144 

en«gy  of,  150 

sign  of,  diatinguished  from  sign  of 

potential,  74 

residual,  91 

bound  and  free,  8r 

exemplified  by  alternate  discharge, 

*  Chemical '  theory  of  voltaic  cell,  170 
Circuit,  closed,  action  of  a  pole  on,  when 
circuit  isco:iiplete,  38;  incomplete,  310 

—  closed,  laws  regarding,  201 

—  -  -  magnetic  field  due  to,  271  et  seq. 
■  equivalent  to  a  magnetic  shell,  306 

—  closure  of,  174 

—  fall  of  potential  through  the,  215 

—  primary,  making  and  breaking,  368 

—  secondary,  of  induction  coil,  its  condi- 
tion when  closed,  373  ;  with  air  break, 

374. 
Circuits,  movement  of,  general  law,  318  ; 
when  the  field  is  uniform,  318  ;  when  the 
field  is  not  uniform,  318  ;  when  the  cir- 
cuit is  incomplete,  319 

—  divided,  211 

—  magnetic  potentials  due  to,  316,  322 

—  potential  on,  due  to  magnetic  field,  317, 

323 

—  mutual  potential  of  two,  359 
Clarke's   dynamo-,    or   magneto-,  electric 

machine,  ^85 
Clark's  (Latimer)  standard  cell,  177 

■ potentiometer,  234 

Clouds,  electrical  potential  of,  117 
Coefficient  of  mutual  induction,  or  mutual 

potential,  of  two  circuits,  359 

—  of  magnetisation,  329 
Coils,  induction,  344,  368  etseg. 
caution  respecting  their  use,  371 

—  resistance,  222 

Combination,  heats  of,  as  connected  with 
E.M.F.s,  249 
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Commutator,  simple,  ^ 

—  key  in  ne.dte  system  of  tdcgfafilqr, 
431 

Compass,  ordinary,  89 

—  mariner's,  39 

CcMidensa',  vEp«ntts*s,  expedynMMx'md^  78 
Comiensent,  70  ^  ♦ 

—  comparts^m  with  an  isolated  body,  83 

—  ca{>ac  ties  of,  ficnrma  as,  im 

-*  — investigated    by  balmtic  gahnuM- 

meter,  38|r 
investigated  by  otbor  nM^Kxb,  133, 

Z34 

—  chaise  of,  dependent  <m  the  Batn»  of 
th  •  dM^ecuric,  %^  xxt  et  uq, 

—  of  induction  coii,  373 

—  used  in  secondary  duacuk  of  k. 
coil,  375 

—  use  for  obriattng  ^feds  of  eailii. 
rents  in  cables,  435 

—  spherical,  the  cajpadlt^  of,  145 

—  luate,  the  capaaty  w^  248 
Conductivity,  io6 

Conductor,  perfect,  definitioQ  of,  ?o 

—  elet^cail  capacity  (rf*,  68 

—  hollow,  acting  as  an  dectroMatieiami^ 

139 
C(mdoct<»rs  and  mm-ccMadttctors»  44 
Conductiirs  of  an  electric  ctuMtit^  x^ 
>-  alterations  in  capacitv  of,  74 

—  distributiooi  of  electric  chktfe  OB,  ^\ 
accwding  to  their  diape,  55 

—  ^cct^c  renstances  Oi,  935 

—  are  opaque,  341 

—  lightning.  113 

—  for  transmitting  power  from  dynamos, 
410 

Cone,  dis  ribution  o*"  charge  on,  56 
Contact  potential  series  for  metals,  165 

—  E.M.F.s,  267,  260 

*  Contact '  theory  voltaic  cell,  170 

Copper-plating,  193 

Copper  sulphate,  electrolysts  of,  185 

Cores  of  electromagnets,  333 

Coulomb,   the  practical  unit    of  electric 

quantity,  191,  298 
Coulomb-meters,  418 
Coulomb's  torsion  balance,  20  et  seq. 

uses  in  magnetism,  21  et  seq. 

uses  in  electrostatics,  50 

—  determinations  of  distribution  on  a  disc. 

Couple,  on  a  magnetic  needle  in  a  uniform 

field,  16 
Couples,  14 

Couronne  des  tasses,  169 
Crookes  s  high  vacua ;  experiments  in,  377 

et  'ieq. 

—  experiment  in  a  low  vacuum,  379 
Cube,  disiribut.on  01  charge  on,  55 
Current,  202 

—  follows  closure  of  circuit,  174 

—  ener>;y  of  the,  240 

—  -  heating  effects  of,  182,  241 

—  effects  of,  on  unequally  heated  metallic 
conductors,  264 

—  electro-magnetic  unit  of,  297 

—  element  of  a.  295 

—  law  of  its  action  on  a  magne  ic  pole,  296 

—  reacii  n  of  a  |  o'.c  on,  .00 

—  elenvcuts  oV,  acu  ^us  between    -ji^ 
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Trent,  making  and  breaking,  in  indue- 
^on  coilj  368  ^ 

—  magnetic  actions  of,  221,  271,  294 

— -  instruments    for  measurement  of,   276 
mtseq, 

—  meters  for  household  dbtribution,  443 
■ accumulator,  366 

practical  unit  of,  222,  298 

circular,  field  due  to  a,  274,  302 

continuous,    collected    from    Barlow's 

wheel,  364 

dynamos  furnishing  a,  387 

— obtained  by  induction,  355 

~— —  the  'extra,'  360 

maximum  with  a  given  number  of  cells, 

310 
^iJurrents,  action  of,  on   magnetic  poles, 

271,  294,  etc. 
attraction  and  repulsion  between,  311, 

321 

—  continuous  rotations  of,  313,  322 

—  alternate,     dyuamo-electric     machines 
giving,  399 

—  induced,  343  et  seq. 

under  what  conditions  obtained,  357 

—  —  disturbances  caused  by,  in  telephone 
lines,  ij3o 

acting  as  inducing  currents,  362 

constant,  355 

direction  ot,  352 

in      conduciiiig      masses;       'eddy 

currents,'  363 

—  loca',  in  impure  zinc  pl^te,  175 

—  mobile,  aciion  of  the  earth's  field  on,  311 

—  sinuous,  action  of  on  a  magnetic  pole,  307 
Curves,  ma.netic,  17 

—  of  work,  dynamo-e  ectric,  408 
Cylinder,    distriouiiun    of  electric   charge 

on,  55,  143 

—  cap  city  of,  149 

—  divided,  induction   experiment  with,  54 

—  -  e  cciric  machine,  60 

Cylin'iers,     magnetic     and    diamagnetic, 
setting  of  in  magnetic  fie.ds,  330 


•  7"^  AM  PI  N(i.'  observati'^n  o^,  by  Arago, 

i^   .363 

—  -apolied  to  ammeters  and  volt-meters,  446 
Daniell's  ce  1,  179 

—  —  mole  ular  interchanges  in,  on  closing 
circuit,  187 

Declination,  magnetic,  30 

—  method  of  measuring,  31 
Declinometer,  32 
Decomposition  of ele'tro'ytes,  184 

—  p'imary  and  secondary,  I F8 

—  simultaneous,  189  ;  exemplifying  Fara- 
day's Irtws  of  electrolysis,  190 

—  -  or  water  \see  Water] 

Deflexions,    method  of,  as  used  in   mag- 
netism, 38 

—  coinpar.son  of,  to  measure  resistance, 
225 

Degraf?aitf>n  of  energy,  238 
De  la  Rives  floating  battery,  306 
Diamagnetic  bodies,  list  of,  334 
Diamagnetism,  relative,  335 

-  whether  there  is  absolute,  336 
Dielectric,  nature  of  a,  83,  162,  341 
strain  in  a,  90 
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Dielectrics   are   the  seat  of  electrostatic 
potential  energy,  i6i 

—  specific  inductive  capacities  of,  121  ct 
seq. 

Dimensions  of  units,  12,  301 
Dip  of  magnetic  needle,  30 

—  now  to  find,  36 
Dip-circle,  37 

Disc,  distribution  of  charge  on,  55 
Discharge,  alternate,  ^3 

—  by  Bunsen's  flame,  48 

—  mechanical  etiec  »  of,  92 

—  magnetic  effects  of,  92 

—  heatin^^  effects  of,  93 

—  induction  effects  of,  94 

—  duration  of,  96 

—  energy  of,  150  ;  in  the  cascade  arrange- 
ment of  Leyden  Jars.  152 

examples  in,  159 

—  various  forms  of,  98,  377  et  seq. 

—  in  secondary  circuit  of  induction  coil, 
^76  et  seq. 

Distribution  of  electric  charge,  55 

—  laws  of,  illustrated  \)y  the  ice-pail,  57 

—  from  the  potential  point  of  view,  143 

—  investigated  by  aid  of  electrometer,  158 

—  by    alternating    currents    and    *  trans- 
formers,' 450 

Dots  and  dashes,  Morse  signals,  420 
—  apparatus  f<,r  printini>,  421 

Dynamo,  work  done  upon,  in  relation  to 
velocity  of  roiatio  »,  415 

Dynamos,  various  orms  of,  385  et  seq. 

—  activi.y  expended  upun,  405 

—  as  m.Jtors,  402 

-distribution  of  potential   in  circuit  of, 
412 

—  general  remarks  on,  404 
Dyne,  definition  of,  13 


EARTH,   magnetic  field  of,    modified 
r     by  the  presence  of  iron,  30 

—  magnetic  e  em  jnts  of  the,  30  ;  how  to 
measure,  31,  37 

-  acti  n  of,  on  a  magnetic  needle,  28 
Errth's   fielc",    observation   of  changes  in 

the,  40 
action  of,  on  mobile  currents,  311 

—  total  fii  Id  resolved  into  components,  34 

—  magnetism,  28 
Ebonite,  a  uo  d  'electric*  4^ 

—  how  to  prevent  it  deteriorating,  63 
Eddies  in  the  ether  about  lints  ot  mag- 

m  tic  force  (V),  339,  342 
Eddy  currents  due  to  induction,  363 
Edison's  telephon  ,  431 
Eel,  elecric,  169 
Efficienry,  dynamo-electric,  408 
Electricity,  atmospheric,  113 

—  dis  ribnti  »n  of,  on  conductors,  55 

—  electrostatic    induction     machines    for, 
100  et  seq 

—  'fluid '  theories  of,  48 

—  frictional,  machines  for,  60 

—  measurable  a-*  a  quantity,  65 

—  specific  heat  of,  265 

—  practical  applications  of,  416  et  seq. 

—  statical,  phenomena  of,  42  et  seq. 

—  '  current ' ;  in  what  sense  to  be  under- 
stood, i6"? 
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Electricity,  suggested  identity  of,  with  the 
ether,  341 

poftitive  and  nejcative,   45 ;    produced 
simultaneously  and  in  equal  quantities, 

Electncs  and  non-electrics,  45 
Klectrification  of  persons,  64 
Electrodes,  184 

-  polarisation  of  the,  175,  194 
Electro-dynamometer,  391 
Electro-etching,  194 
Electrolysis,  experiments  in,  184 

—  Faraday's  law-*  of,  189 

—  industrial  application  of,  191 

—  nature  of,  180 

Electrolyte,    molecular    interchanges    in, 

durin;>  pctssage  of  current,  187 
Electrolytes,  18^ 

Electro- magnetic  theory  of  light,  340 
Electro-magnets,  333        ^ 

—  paramagnetic    and    diamagnetic,    ex- 
periments with,  334 

Electrometer,  measuring  E.M.F.  of  open 

cell  by,  233 
Electrometers,  153 

—  attracted-disc  form,  i";3 

—  quadrant.   Sir  W.  Thomson's,   155  et 
seg. 

uses  of,  158 

Electromotive  force  [see  E.M.F.],  aoi 
Electro-motor,  distribution  of  potential  in 

circuit  of,  414 
Electro-motors,  403 

—  general  remarks  on,  404 
Electronegative,  the  term,  184 
Electrophori,  continuous-acting,  xoo  et  seq. 
Elect rophorus,  59 

Electro-plating,  191 
Electropositive,  the  term,  184 
ElectrosM;()pe,  condensing,  98 

gold-leaf,  43 

charged  by  induction,  54,  73 
Elect)  oscopes,  differences  of  potential  in* 

dicated  by,  153 
Electrostatic  fields  of  force,  69,  131 

induction  machines,  100  et  seq. 
Electrostatics,  duality  of  phenomena  of,  42 

the  three  laws  of,  49  ;  expressed  in  one 
formula,  52 
'  K  liott  '-pattern   quadrant  electrometer, 

'56 
Elmo's  (St.)  fire,  114 
E.M.F.  attected  by  closure  of  circuit,  178, 

232 

—  dependent  upon  the  nature  of  the  cell, 
202,  250 

induced,  general  expression  for,  349 
measurement  of:  by  electrometer  with 
open  cell,  232 

by  volt-meter  galvanometers,  233 

by  method  of  opposition,  234 

by  the  potentiometer,  234 

—  of  thermo-cell,  254,  267 

exhibited   diagrammatically,  259  et 

seq. 

—  in  thermo-cell,  sources  of,  267 

—  relation  of  to  ditttrence  ot  poientiai,  202 

—  reverse,  due  to  polarisation,   176,    194, 
196,  246 

—  -  reverse,  in  a  thermo-cell,  263 
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E.M.F.,  reverse,  of  an  electro-motor,  |« 
of  arc  lamp,  440 

—  of  currents  in  axi-lighting,  442 

—  -  practical  unit  of,  221,  398 

—  absolute  electro  magnetic  onit  of,  197 
E.M.F.S,  table  of,  i<x  different  cells,  237; 

explained,  20 

—  in  relation  to  heats  of  comHnatioii,  149 

—  -  induced  in  Gramme-armature,  391 
Energy,  chemical -potential,  238 

—  con.servation  of,  128 

in  electrostatic  discharges,  150 

—  degradation  of,  238 

—  instrument  for  measuring,  4^ 

—  of  an  eiecirostatic  charge  it^es  ih  Ae 
diel  ctric,  161 

—  of  battery -cell,  transformations  of,  xjB 

—  of  electric  current.  2^0 

—  per  second  \see  *  Acuvity  \  239, 298 

—  kinetic,  128 

—  potential,  128 

—  radiant,  341 

Engravings  reproduced  by  electrolyas,  193 
E^quator,  magnetic,  31 
Equivalents,  electnM:hemical,  191 

table  of,  193 

Erg,  definition  of,  127 
Ether,  the,  3^ 

—  electrostatic  phenomena  posaUy  d«e  to 
strains  in,  341 


FARADAY'S  electroscopk  experiment 
in  an  insulated  roi^m,  53 

—  adoption  of  the  chemical  view  of  vol- 
taic electricity.  170 

—  discovery  of  induced  currents,  343 
of  the  rotation  of  a  plane  polarised 

ray  in  a  magnetic  field,  337 

—  ice-pail,  57 

-  laws  ol  electrolysis,  189 

—  method  of  finaiwg  specific   inductive 
capacities,  124 

Faure's  accumulator,  200 

experiment  with  Gramme  machioe, 

403     . 
Ferranti  alternate-current  machine,  401 
Ferric  chloride  solution,  paramagnetic  in 

vacuo,  336 
Field,  electrostatic,  lines  of  force  in,  69 

—  magnetic,  15 

earth's    total,    resolved    into    com- 
ponents, 34 

—  relation  of  strength  of,  to  current- 
strength,  275 

—  magnetic  and  diamagnetic  bodies  io, 
328-331 

due  to  electric  currents,  271,  294" 

seq. 
Field-strength,  electromagnetic,  272 

electrostatic,  135 

magnetic,  15 

Fluid,  electric,  the  term,  48 

Filings,  iron,  used  in  experiments,  3,  18, 

272 
Force  on  a  positive  unit  of  electrifiration 

acting  perpendicularly  to  a  conducting 

surface.  144 

—  coercive,  the  term,  6 

—  between  two  magnetic  poles,  26 
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V>rce,  dimensions  of,  formula,  13 
— ^  electromotive  [see  E.M.F.],  201 
'~—  electrostatic  fields  of,  general  considera* 

tion  of,  161 
— -  electrostatic,  laws  of,  49,  51 

—  fields  of,  considered  from  the  potential 
point  of  view,  151 

—  lines  of  magnetic,  shown  by  iron  filings, 
z8 

due  to  the  earth,  30 

— due  to  a  current,  272,  294,  etc. 

due  to  a  solenoid,  327 

due    to    a   hollow    cylindrical 

magnet,  328 

mapped  out,  136,  272 

+  and  —  directions  of.  273 

round  a  wire  bearing  an  electro- 
static discharge,  93 

—  lines  of,  in  an  electrostatic  field,  69  ; 
mapped  out,  136 

perpendicular    to    equipotential 

surfaces,  134 

—  magnetic,  laws  of,  26 

—  tubes  of,  138 

Forces,  parallelogram  of,  13 

Franklin,  kite  experiment  of,  113 

•  Free,'  the  term  as    applied  to  electric 

charges,  8z 
Frictional -electric  machines,  60 
Frog,  Galvani's  experiment  with  a,  164 


C"*  ALVANI'S  experiment,  164 
T     Galvanometer,  173 

—  simple  form  of,  275 

—  for  practical  or  commercial  use,  293 

—  resistance  of  a,  229 

—  use  of  the  shunt  in,  214 

—  a&tatic,  280 

—  ballistic,  286 

—  differential,  285 

—  graded  current,  290 
potential,  289 

—  long-coil  and  short-coil,  292 

—  mirror,  283 

—  multiplying,  280 

—  sine,  279 

—  tangent,  276 

—  volt-meter,  233,  289 
Gas-battery,  195 

Gaugain's  tangent  galvanometer,  278 
Glass,  why  used  for  Leyden  jars,  86 

—  specific  inductive  capacity  of,  121 

—  rod,  experiment^  with,  43 
Gold-leaf  electroscope,  43 

charged  by  induction,  54,  73 

indication  of  diflferences  of  potential 

Gordon's  experiments  on  specific  inductive 

capacities,  126 
Gramme,  or  mass  unit,  12 
Gramme  machine,  388 
Gravitation-potential,  the  term,  131 
Grothuss's  hypothesis,  186 
Grove's  gas-battery,  195 

—  cell,  179 

Gunpowder,  ignition  of,  by  electric  dis- 
charge, 93 

Guthrie  (Prof.),  experiment  in  magnetic 
induction  attributed  to,  8 


INS 

Gutta-percha,  specific  inductive  capacity 

of,  121 
Gymnotus,  169 


HEAT,  absorption  and  evolution  of,  at 
junctions  of  thermo-electric  pair,  263 

—  accompanying  electric  current,  182 

—  as  affecting  magnetisation,  6 

—  effect  on  magnets,  7 

—  converted  into  electric  energy  by  thermo- 
cell,  252 

—  distribution  of,  in  the  circuit,  244 

—  of  electric  discharge,  93,  150 

—  evolved    in    a   circuit,   relation    of,  to 
resistaiice  and  current-strength,  241 

—  evolution  of,  according  to  cell  arrange- 
ments, 2^5 

—  evolved  in  a  circuit,  formulae  for  measur- 
ing, 243 

—  tendency  of  energy  to  take  the  form  of, 
238 

—  unit  of,  239 

Heats    of    combination    in    relation    to 

E.M.F  s,  249 
Helmholtz's    modification    of    Gaugain's 

tangent  galvanometer,  278 
Holtz  induction  machine,  108 
Hughes's  investigation  of  the  molecular 

theory  of  magnetism,  4 

—  invention  of  the  microphone,  431 
Hydrogen,  evolution  of,  from  voltaic  cell, 

173 

—  him  on  copper  plate  of  voltaic    cell, 

175 

means  of  gettmg  rid  of,  176 

Hydrostatics,  analogies  from,  70,  151,  202 


ICE-PAIL,  Faraday's,  57 
Incandescence,    electric  lighting  by, 

433 

Swan's  lamp,  434 

Inclination,  magnetic,  30 

how  to  find,  36 

India-rubber,  specific  inductive  capacity 

of,   121 

Induction,  phenomena  of,  accompanying 

an  electrostatic  discharge,  94 
Induction  coils,  368 

—  electromagnetic,  343  et  seq. 

velccity  of  propagation  of,  342 

without  initial  current,  351 

mutual,  coefficient  of,  359 

self,  360 

in  the  earth's  field,  366 

—  -  disturbance  of  telephone  lines  by,  430 

—  electrostatic,  52  • 
illustrated  by  experiments  with  the 

ice-pail,  57 

—  —  examined  from  a  *  potential '  point  of 
view,  70 

machines,  100 

—  magnetic,  7 

along  lines  of  force,  19,  331 

its  influence  on  magnetic  measure- 
ments, 28 
Insulating  stands,  53 

—  stool,  64 
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'.Key,  Moitt,  4B1 

'Kirchboffi  lumens 

>l£ile,  Fnnklia'i  eipeilnHnt  wilh  tla,  113 


Diocner.  93 


shlpiio 

—  IvneUac  dSmbailan  of,  3c 

and  by  method  oTosciLliiltD 


mtruted  wilh  t^encdd .  3 


I^rap,  arc,  ,5B 

of  light.  340 

MechMics,    ptrliminBry    knowledge    of. 

'  U»d,'  in  Gramme  machine,  393 

needed,  >.,  >irf 

Megohm,  multiple  of  ohm,  ii; 

ofgalvaniccell.  m 

«l.nchfjcel1.  i?i) 

-  cups  for  eonnecli.^  wires,  .7S 

™!"  el^^^al  [i«  Potential),  M 

LeydeiijaR,S5 

■ en  rgy  of  disthaige  of.  151 

cucade  amngemeni  of.  S8 

— "l^Kfic  euslancesof  336 

energy  of  distharge  in  ihe,  152 

Meersfo     total  cunwi "  supplied.  «3 

--sparl.w 

M  crohm  fraction  of  ohm,  ^35 

-       nature  of  the  charge  in,  90 

Light,  electro-magnetic  theory  of.  j*:. 

—  rmalion    of    plane    of  polarisalion   of. 

Moecues,  ntetdunges  bet»eei..  in  dec. 

rolyss.    8t      _ 

Lighting,  declric.  two  aynem,  of,  ,33 

t^Ty^r:cir^' 

Moment  of  single  forces  and  couples,  m 

Morse  alphabet' 430 

-  system  oflelegraphy,  491 

Unrr,  Isodinic  and  isogenic,  31 
-  of  force  [j«  Force! 

Motor  (.«  Flectro-moMr] 

Mutual  potential  of  two  circuits.  359 

L^il^iZ7ZZ.tZ 

ISJEEDLE.  magnetic,  action  of  the  earth 
i>l     on  a,  18 
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NEE 

Needle,    magnetic,    fracture    experiment 
with,  3 

—  — axis  of  a,  39 

moment  of,  15,  a6,  40 

—  telegraph,  419 

—  system  of  telegraphy,  420 
Neolles,  astatic  system  of,  zSt 
Neutralitjr,  electrostatic,  47 

—  magnetic,  4 

Nobili,  thermo-pile  of,  354 
*  JMorth  pole,'  caution  as  to  the  use  of  the 
term,  a 


OERSTED'S  experiment  to  show  mag* 
netic  field  about  a  current,  374 

Ohm,  practical  unit  of  resistance  so  called, 
331,  298 

Ohm's  law,  aoi,  203 

exami}le  of  its  application,  307,  219 

graphic  representation  of,  309 

Kirchhoff's  extension  of,  216 

Opposition  method  of  measuring  E.M.F. 
of  open  cell,  334 

; resistance  of  battery  cell,  230 

Oscillations,  method  of,  34 

used  to  compare    two   magnetic 

fields,  25 

used  to   compare  two    magnetic 

moments,  36 

used  to  prove  magnetic   *  law  of 

inverse  squares,'  37 

used  in  measuring  earth's  mag- 
netic field-strength  absolutely,  38 


PARAFFIN,  specific  inductive  capacity 
of,  131 

anhydrous,  use  with  ebonite,  63 
'  Paramagnetic '  means  same  as '  magnetic,' 

334 
Paramagnetic  bodies,  list  of,  334 

Peltier  effect  in  thermo-cells,  263 
theory  of,  368 

—  KM.F.s,a67 

—  electrometer,  77 
Photophone,  433 
Pile,  Volta;s,  167 

—  Zamboni's,  168 

—  dryness  of,  168 
Pith-ball,  experiments  with,  43 
Plane  of  the  magnetic  meridian,  30 
Plant^'s  secondary  cell,  197 
Plate  electric  machines,  63 

—  condenser,  147 

Plumbic  acetate,  electrolysis  of,  186 
Polarisation  in  voltaic  cells,  175 

—  methods  of  obviating,  176 

—  of  electrodes^  194 

—  plane  of,  of  light,  rotated  in  a  magnetic 
field,  337 

Polarity,  magnetic,  a 

—  of  molecules,  4 

Pole,  magnetic,  action  of,  upon  a  closed 

circuit,  308 
reaction  of,  on  an  element  of  current, 

308 

—  unit  magnetic,  14 

Poles,  magnetic,  law  of  variation  of  force 
between,  26 


RES 

Poles,    magnetic,  mutual  attractioh  and 

repulsion  of,  2 
action  of  currents  on,  294 

—  —  action  of  element  of  current  on,  296 
positive  and  negative,  15 

potentials  on,  316,  323 

■  —  of  the  voltaic  cell,  tja 
Pole-strength,  '  dimensions '  of,  300,  30K 
Potassium  hydrate,  electrolysis  of,  185 
Potential,  electrostatic,  66,  131 

' at  a  point  in  the  atmosphere,  117 

methods  of  measuring,  118 

results  of  observations  on,  1 19 

contact  series,  165 

curve    of,    round   the   axis   of    the 

Gramme  armature,  39s 

difference  of,  66,  131 

distribution  of,  m  the  circuit   of  a 

dynamo  and  motor,  41s 

how  to  measure  by  work,  67,  131 

as  distinguished    from   electrostatic 

density,  144 

measurement  of,  131,  153 

rate  of  chanee  of,  135 

of  an  isolatea  sphere,  141 

of  thunder-clouds,  115 

fall  of,  through  the  circuit,  215 

sign  of,   distinguished  from  sign  oF 

charge,  74 

—  magnetic,  due  to  circuits,  316,  322 

due  to  magnetic  shells,  304 

inutual,  of  two  circuits,  359 

Potentiometer,  234 

Poundal,  the  term,  13 

Power,  transmission  of,  from  a  distance, 

409 
Proof-plane,  52 


QUADRANT    electrometer,    formula 
for,  157 
—    -  potential  of  atmosphere  measured  by, 

"9 
uses  of,  158 


RAILWAYS,  electric,  411 
Rainfall  after  a  lightning  flash,  117 
Kay,  plane  polarised,  rotated  in  a  mag- 
netic field,  337 
Relay,  the,  422 

Replenisher,  electrostatic  inductive,  104 
Resinous  electricity,  the  term,  46 
Resistance,  303 

—  on  what  conditions  dependent,  204 

—  unit  of,  321,  298 

—  measurement  of,  by  method  of  substitu* 
tion,  324 

by  comparison  of  deflexions,  225 

by   Wheatstone's  bridge,   226  tt 

seq. 

—  equivalent,  of  electric  arc,  440,  441 
of  a  'multiple  c  rcuit,'  206 

—  expressed  as  a  velocity,  357 

—  of  a  battery-cell,  230 

—  of  a  galvanometer,  239 

—  specific,  335 

—  coils,  333 

—  boxes,  332 

Resistances,  table  of  specific,  2-5,6 
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RES 

Resistances  compared  by  diflfercntial  gal- 
vanometer, 286 

Kheostat,  324 

Kies<<,  his  ob>ervation  of  electrostatic  dis> 
tribucion  on  a  cube,  55 

Rigidity,  molecular;  same  at  'coercive 
force,'  6 

R  ing-armature,  388 

Ruhmkorff  s  coU,  370 


SATURATION,  magnetic,  6 
--  of  coresof  electro-masnets,  333 
Screens  between  two  electrified  systems, 

>,  58.  139      . 
Second,  or  time  unit,  12 
Secondary  battery-cells,  196,  347 
Selenium  cell,  432 
Seties-dynamus,  397 

—  as  motors,  403 
Series,  electrostatic.  165 

thermo-electric,  254  ^ 
Shellac,  specific  inductive  capacity  of,  121 
Shells,  magnetic,  equivalence  of  electric 
circuit  to,  306 

—  -  fields  and  potentials  due  to,  302,  304, 
322 

potentials  on,  317,  323 
Ships,  iron,  how  to  render  their  magnetism 

symmetrical,  30 
Shocks,  *  return,'  115 

from  induction  coils,  caution,  371 
Shunt-dynamos,  398 
Shunts,  314 

Siemens's  armature,  387 
Siemens-Alteneck  armature,  395 
Silver-plating,  194 
Sine  galvanometer,  279 
Smee  s  cell,  177 

a,  cannot  decompose  water,  248,  251 
Solenoid,  ideal  and  practical,  32^ 

action  of,  with  and  without  iron  core, 

resemblance  of,  to  a  solid  cylindrical 
magnet,  326 

contrasted  with  hollow  cylindrical  mag- 
net, 327 
Solenoidal  ammeters,  445 
Sounder,  telegraphic,  417 
Spark,  electric,  duration  of,  96 
-  various  forms  of,  99,  376  et  seg. 

—  passage  of,  the  term,  92 

of  induction  coil,  use  with  spectroscope, 
376,  378 
Spark-board,  Wheatstonc's,  96 
Sparks,  electric,  discharged  from  persons, 

Specific  inductive  capacities,  121  etseg.,  147 

—  resistance,  235,  236 

Sphere,  isolated,   distribution  of  electric 

charge  on,  55 

electrostatic  capacity  of,  142 

potential  of,  142 

Spheres  of  different  radii,  relation  between 

potential  and  charge  of,  143 
Stands,  insulating,  53 
Steel,  hard,  duration  of  magnetism  in.  6  : 

why  used  for  magnets,  10 

—  at  a  white-heat  not  attracted  by  a  mag- 
net, 7 


TOR 

Steel,  magnetisation  of.  i 

by  electrostatic  discharge,  99 

Stool,  insulating,  64 

Ston^e  cells,  196,  347 

Storms,  magnetic,  31 

—    -  atmospheric  signs  of,  435 

Substitution,      method     of,    applied  to 

measurement  of  resistance,  325 
Sulphate  of  sodium,  electrolysis  of,  i8s 
Sulphur^  specitic  inductive  capacity  of,  121 
Sulphuric  acid,  action  of,  in  die  voliaic 

cell,  173     . 

use  of,  in  decomposition  of  water,  184 

Surfaces,   equipotential,  electrostatic,  09, 

133 
Swan  lamp,  434 


T AIT'S    thermo-electric  diagram  and 
formula,  359  263 
Tangent  galvanometer,  376  ei  seq. 
Telegraphy,  general  principle  of,  416 

—  alphabet  used  in,  419 

—  interference*of  earth  currents  with,  434 

—  duplex,  436 

—  Morse  system  of,  431 

—  needle  system  of,  430 

—  submarine,  423 
Telephone,  of  Graham  Bell,  439 

—  Edison's  carbon  transmitter,  431 
Telephones,  438 

—  worked  by  an  external  battery,  431 
Telpheraee,  411 

Theory,  electro-magnetic,  of  light,  341 

—  of  thermo<ells,  365  et  seq. 

—  of  Peltier  and  Thomson  effects,  268 

—  of  electro-magnetic  induction,  346  et  seq. 
Thermo<ell,  theory  of,  365 
Thermo-cells,  252 

--  Peltier  effect  in,  263 
Thermo-diagrams  259,  262 
Thermo-electric  neutral  point,  257 

—  power,  256 

—  series,  254 
Thermo-pile,  254 

Thompson's  diagrams,  showing  activities 

of  dynamo  and  motor,  409 
Thomson  effect,  264 

—  theory  of,  268 

—  (Sir  W.),  his  electric  current  accumu* 
lator,  366  note 

graded  current  galvanometer, 

290 
graded  potential  galvanometer 

289 

—  y guard-ring  for  the  attracted- 

disc  electrometer,  154 

method  of  measuring  galvano- 
meter resistance,  339 

mirror  galvanometer,  283 

quadrant  electrometer,  155 

reflecting  galvanometer,  impor- 
tant use  of,  in  submarine  telegraphy,  423 

inductive  replenisher,  104 

water-dropping  accumulator, 

X03 

Thunder-clouds,  high  potential  of,  115 
Torsion  balance,  Coulomb's,  20 

—  -  strength  of  two  magnetic  poles  com- 
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Torsion   balance,  distribution  of  evident 

magnetism  observed  by,  23 

laws  of  magnetism^  proved  by,  27 

laws  of  electrostatics  proved  by,  50 

Tram-cars  electric,  411 

*  Transformers,'  or  instruments  of  distribu* 

tion,  451 
Tubes  of  force,  138,  139 


UNIT  magnetic  field,  15 
jar,  86 

—  magnetic  pole,  14 

Units,  _  electro-magnetic,    absolute     and 
practical,  221,  297,  298 

—  -  determination  of,  299 

and  electrostatic ;   *  dimensions '  of, 

301 

—  electrostatic,  66,  69,  131,  142,  301 

—  mechanical,  12,  127  r/  sey. 


VACUO,  diamagnetic  bodies  in,  336 
Vacuum  tubes,  phenomena  of  dis- 
charge in,  377  et  seq. 
Vane,  electric,  63 

Variations  of  earth's  magnetic  elements,  31 
Varley's  induction  machme,  103 
Velocity,  dimensions  of,  formula,  13 
Velocity  '  ratio ' ;  connecting  electrostatic 

and  electroma^etic  units,  300,  301 
Vitreous  electricity,  the  term,  46 
Volt,  the   practical  unit  of  E.M.F.,  so 

calledj  221,  297 
Volta,  views  and  experiments  of,  165 
Volta'scell,  i6p  ;  theory  of,  171 
nature  ofchemicai  action  in,  173 

—  pile,  167 

Volt-meter  galvanometers,  233,  289,  446 

—  calibration  of,  293 

'dami>ing'  in,  ^6 

Voss  induction  machine,  105 
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WATER,  decomposition  of,  184 
not  possible   by    a    single 

Smee's  cell,  248,  251 

—  dropping  accumulator,  102 
molecular  interchanges  in,  during  de- 
composition, 187 

Watt,  practical  unit  of  activity  so  called, 

240 
Wait -meters,  447 
NN'eber's  electro-dynamometer,  291 
Weight  as  distingui^>hed  from  mass,  13 
Wheatstone's  bridge,  226 

slide  form  of,  228 

resistance-box  form,  229 

use  of,  in  duplex  telegraphy,  428 

—  rheostat,  224 

—  spark-board,  96 
Winter's  electric  machine,  63 

Wire,  size  of,  used  in  making  electro-mag- 
nets, 333 

—  -  network,  as  a  lightning  protector,  115 

—  return,  in  telegraohy,  416 

use  of,  against  earth  currents. 

Wires,  conducting :  heat  evolved  in,  243 
et  seq. 

—  resistance  oi,  204 

—  -  for  resistance  coils,  «22 

—  telegraphic,  insulation  of,  426 
Work,  unit  of,  127 

—  examples  of,  «28 

—  in  relation  to  force  overcome,  12^ 

—  formulae  for,  in  dynamo-electric 
chines,  405 

—  maximum,  with  a  motor,  405 

—  per  second,  or  activity,  239.  etc 


ZINC,  solution  of,  in  the  voltaic  cell, 
173 

—  ■; neat  evolved  during,  182,  249 

—  impure,  local  currents  in,  175 
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